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The Solid Angle Subtended by the Main and Shadow Cones of Cosmic Radiation 
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(Received June 4, 1940) 


For the calculation of the longitude and latitude effects, as well as the time variations, of 
charged primary cosmic radiation, the knowledge of the solid angle subtended by the main and 
shadow cones for all latitudes and energies is essential. This solid angle is calculated over a wide 
range of energy and latitude from the results of Lemaitre and Vallarta, and from those of 
Schremp, and the results given in the form of several graphs. 





T is well known that the intensity of charged 

primary cosmic radiation of a given energy 
depends on the solid angle subtended at a given 
point of the earth by the allowed cone for that 
energy,! and also on the energy distribution of 
the primaries. As a consequence of Liouville’s 
theorem the intensity, defined as the number of 
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Fic. 1. The solid angle subtended by the shadow cone. 
Ordinates—percent ; abscissas—latitude. 


'G. Lemaitre and M. S. Vallarta, Phys. Rev. 43, 87 
(1933); M. S. Vallarta, An Outline of the Theory of the 
Allowed Cone of Cosmic Radiation (University of Toronto 
Press, 1938). 


primaries of a given energy arriving at the ob- 
server per unit time, is given by the product of 
the number of particles of that energy multiplied 
by the aperture of the allowed cone at the given 
point and for the given energy. The knowledge 
of the aperture of the allowed cone is thus a 
matter of importance. 

The theory of the allowed cone has now been 
pushed sufficiently far that accurate values for 
the aperture of the main and shadow cones can 
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Fic. 2. The solid angle subtended by the main cone. 
Ordinates—percent ; abscissas—latitude. 
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Fic. 3. The difference between the Fic. 4. The shadow cone as a Fic. 5. The main cone as a function 


shadow cone and the main cone. Ordinates 
—percent ; abscissas—latitude. 


be given over a wide range of energy and latitude. 
An observer at a given point of the earth may 
define the direction of arrival of a cosmic-ray 
particle by using the angle @ between the tangent 
to the trajectory at the point of arrival and its 
projection on the meridian plane, and the angle 
n between this projection and the zenith. The 
solid angle subtended at the vertex by either the 
main or the shadow cone is then given by 


o- ff cos 6d6dn, 


the integration being extended over the boundary 
of the cone. This integration can be performed 
graphically or mechanically. The boundary of 
the main cone has been determined by Lemaitre 
and Vallarta,? and that of the shadow cone by 
Schemp.* From their results the solid angle w 
may be readily determined. 

The results of this integration are shown in 
Figs. 1 and 2. Figure 1 gives the solid angle sub- 
tended by the shadow cone as a function of 
geomagnetic latitude and for different energies, 
the latter being expressed in Stérmers.‘ It is 
worth recalling at this point that the shadow 
cone gives the upper limit of the aperture of the 
allowed cone for a given latitude and energy. 


( oa8) Lemaitre and M. S. Vallarta, Phys. Rev. 50, 493 
1936). 

3E. J. Schremp, Phys. Rev. 54, 158 (1938); also his 
Ph.D. Thesis, M. I. T., 1937. 

‘For the equivalence between energy in stérmers and 
in electron he og see Lemaitre and Vallarta, reference 1, 
Table VI, p. 90. For the definition, see M. S. Vallarta, 
reference 1, p. 7. 





function of energy for fixed latitudes, of energy for fixed latitudes, as 
as shown. Ordinates—percent; ab- shown. Ordinates—percent; ab. 
scissas—energy in stérmers. scissas—energy in stérmers. 


Similarly Fig. 2 gives the solid angle subtended 
by the main cone as a function of latitude for 
different energies. The main cone gives the lower 
limit of the allowed cone for a given latitude and 
energy. The discontinuity of the curves in Fig, 2 
is due to the fact that the main cone for a given 
energy is continued beyond a certain latitude by 
the shadow cone. The lowest part of certain curves 
(dot-dash) has been interpolated. 

The difference between the main and shadow 
cones gives the region of penumbra. This dif- 
ference is plotted in Fig. 3 for several energies as 
a function of latitude. The dashed part of each 
curve is extrapolated and doubtful. It is seen 
that the penumbra vanishes at high latitudes for 
energies higher than about 0.44 stérmer. It is 
also worth noting that the maximum contribu- 
tion of the penumbra is displaced to higher 
latitudes as the energy decreases. °® 

Finally, Figs. 4 and 5 give the solid angle sub- 
tended by the shadow and the main cones, 
respectively, as a function of energy and for a 
given latitude. In Fig. 4 the curve for \=10° is 
omitted because it would be practically super- 
posed on that for \=0°. These curves are very 
useful for the calculation of the latitude and 
longitude effects. 

I wish to thank Professor M. S. Vallarta, who 
suggested this problem, for his guidance and 
encouragement. I am also indebted to Dr. R. A. 
Hutner and Dr. O. Godart for frequent dis- 
cussions. 


5See also R. A. Hutner, Phys. Rev. 55, 15 (1939), 
Fig. 4. 
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The X-Ray K6.,;-Emission Lines and K-Absorption Limits of Cu-Zn Alloys* 


J. A. BEARDEN AND H. FRIEDMAN 
Rowland Physical Laboratory, The Johns Hopkins University, Baltimore, Maryland 


(Received June 17, 1940) 


The shapes of the K82,, lines of Cu and of Zn and their K-absorption edges in the pure metals 
and in a series of brasses have been studied with a double crystal spectrometer. Mixing Cu with 
Zn increases the high energy part of the emission of Cu K2,5 and decreases the corresponding 
part of the intensity of Zn K@2. The magnitude of this redistribution of high energy conduction 
electrons between Cu and Zn is found to agree with theoretical calculations, which predict a 
maximum positive charge of about 10 percent of an electronic charge on a zinc atom dissolved 
in a Cu lattice. The present results are offered as further support for that interpretation of Cu 
KB:2,s structure which attributes the extra low frequency emission to 3d band emission. In every 
alloy Zn KB; appears with very little change in width or in intensity per Zn atom, and can be 
definitely assigned to 3d quadrupole emission. No shifts of the high energy sides of the emission 
lines or the corresponding absorption limits greater than the experimental error have been ob- 
served with alloying, and there appears to be no evidence of any effect of crystal structure 


on the emission lines. 





INTRODUCTION 


T has been demonstrated in recent work! that 

x-ray solid state spectroscopy in the hard 
x-ray region between one and two angstroms is 
capable of yielding considerable information 
about the nature of the conduction levels and 
higher lattice levels of metallic solids. In the 
work referred to, the double crystal spectrometer 
was applied to the study of the shapes of the 
K6:- and K§;-emission lines and the K-absorp- 
tion limits of the pure elements Fe to Ge. These 
emission lines correspond to transitions in which 
electrons fall from 3d and 4s band levels into 
vacancies in the atomic K shells. The absorption 
edges result from the ejection of electrons from 
atomic K shells into empty levels above the 
Fermi surface of filled states. If one assumes a 
very narrow width for the K level compared to 
the 3d and 4s band widths, the intensity of 
emission or absorption at any given energy may 
be written as a product of density of states in 
the electronic bands, at the given energy, 
multiplied by the corresponding transition prob- 
ability. The width of the emission line, where 
the K level is sharp, will therefore give directly 
the width of the electronic band.' The shape of 
the emission line will reflect the variation of 
density of states in the band, with modifications 


* This research is | a by a grant-in-aid from the 
American Philosophical Society. 


nsen, W. Beeman and H. Friedman, Phys. Rev. 56, 392 
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due to the transition probability factor. The 
effect of finite width of the K level can be taken 
into account in the manner described by Richt- 
myer, Barnes and Ramberg,’ for absorption 
edges. In reference 1 most interest was attached 
to the results obtained for Cu, for which metal 
extensive theoretical calculations have been 
made. With the idea of testing some commonly 
held theories of the nature of binary alloys, and 
to check further on the correctness of the 
interpretation of this earlier work on pure 
metals, similar measurements have been carried 
out on a number of binary alloys. The substances 
chosen for study are alloys of Cu with Zn, Cu 
with Ni, and alloys of Ni with Zn. The selection 
of these alloys has again been determined by 
the fact that they have been the subject of much 
theoretical treatment and that considerable 
related experimental data are available on their 
optical constants, resistivities, specific heats, and 
in the case of Ni alloys, their magnetic properties. 


EXPERIMENTAL 


The present paper reports the results obtained 
for the KB:2,; lines and K-absorption edges of the 
two component metals in alloys of Cu with Zn. 
The measurements were made with a Societé 
Genevoise precision double crystal spectrometer, 
which was a generous gift of Dr. A. L. Loomis. 


2F. K. Richtmyer, S. W. Barnes and E. Ramberg, 
Phys. Rev. 46, 843 (1934). 
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The constant primary voltage supply, the high 
voltage plant, x-ray tube and Geiger counter 
technique of measuring low x-ray intensities is 
that developed by the senior author together 
with Dr. C. H. Shaw. For methods employed 
and technique used in recording the data 
reference is made to previous publications.’ 
During the course of the investigation no change 
in the properties of the crystals, from those 
previously reported, has been observed. 

The emission measurements have been carried 
out for a series of four a-brasses, a B-brass, a 
y-brass, and an e-brass. All the alloys were 
made from commercial high grade cathode 
copper and electrolytic zinc, containing im- 
purities to the extent of not over 0.01 percent 
lead and 0.01 percent iron in the alpha-alloys, 
and perhaps 0.02 percent lead in the beta- and 
gammaz-alloys. The alpha- and beta-alloys were 
annealed repeatedly during rolling from the 
castings and were given a final annealing at 
700°C. The gamma-alloy was sand cast and then 
annealed for 24 hours at 600°C. The e-brass was 
prepared in a similar manner. Table I gives the 
nominal compositions by weight and by atomic 
number for the various alloys studied. The 
composition may vary by 0.25 percent from 
nominal. 

The a-brasses have the face-centered cubic 
structure of pure Cu with lattice constants that 
increase linearly from 3.62A for the 5 percent 
Zn to 3.67A for the 30 percent Zn. 8-brass, with 
the approximate composition CuZn, is a body- 
centered structure, forming a superlattice below 


TABLE I. Composition of alloys. 








Phase a a a B Y € 
Zinc weight (%) 5 10 20 30 48.2 67 79.7 
Zinc atomic (%) 4.9 9.8 19.7 29.4 47.5 66.4 79.2 








about 460°C. The lattice constant is 2.95A and 
when the superlattice is complete the system 
may be described as two equivalent simple 
cubic lattices, one of Cu and one of Zn, with 
the Zn atoms, say, at the centers of the Cu 
cubes. The y-brass structure is a complicated 


+J. A. Bearden and C. H. Shaw, Phys. Rev. 48, 18 
(1935); J. A. Bearden and C. H. Shaw, Rev. Sci. Inst. 
5, 292 (1934); C. H. Shaw, Phys. Rev. 57, 877 (1940); 
(1999), Beeman and H. Friedman, Phys. Rev. 56, 392 


cubic lattice with the unit cell containing 52 
atoms. The e-brass has the zinc hexagonal 
structure. 

For use as targets, the alloy samples were 
shaped into buttons j”” in diameter and 3” 
thick. These buttons were soldered onto the 
water-cooled target of the x-ray tube. The foils 
of a-brasses used in the absorption measurements 
were rolled from the buttons that had previously 
been used as targets. At various stages of the 
rolling the foils were annealed at between 500° 
and 600°C in an atmosphere of hydrogen. 

The KB: and Kf&; lines in Cu and Zn are the 
least intense lines in the K series of these 
elements. H. T. Meyer‘ and J. H. Williams® have 
shown that these lines have only about 1/409 
the intensity of the Ka, lines. With the counting 
technique that we have employed, however, jt 
has been possible to obtain accurate data even 
with x-ray tube currents of less than 10 ma at 
35 kv. In running the y-brass the power dissi- 
pated in the target was kept below 100 watts, 
At greater powers, because of the poor con- 
ductivity of this alloy, there is the possibility of 
distilling zinc out of the target. With 6-brass as 
the target the x-ray tube was run at 5 ma and 
35 kv and careful examination of the target 
surface after twenty hours of operation showed 
no change in the surface at the focal spot, which 
was 4 mm in diameter. It is possible, however, 
that even at low power the surface of the target 
may have been heated to a temperature of a 
couple of hundred degrees during operation of 
the tube. This would have been sufficient to 
partially destroy the order of the superlattice. 

In all measurements on the Zn lines, correction 
had to be made for the additional intensity due 
to the tungsten Lf, line appearing about 2 x.u. 
from the peak of the Kf: line. The vacuum 
conditions during operation of the tube were 
sufficiently good that very little intensity due 
to tungsten could be observed. Trouble was 
experienced only with the 10 percent and 5 
percent Zn alloys, where because of the low Zn 
concentrations it was necessary to use as high 
as 600 watts to obtain measurable intensities, 


‘Quoted in A. H. Compton and S. K. Allison, X-Rays 
in Theory and Experiment (D. Van Nostrand Company, 


1935), p. 641. 
5 J. H. Williams, Phys. Rev. 44, 146 (1933). 
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Fics. 1 and 2. The base line for each curve is given by horizontal lines on right and left sides of the curve. The base 
corresponding to each curve is labeled on the left with the same letter found on the low frequency tail of the curve to 
which it refers, and on the right with the percentage by weight of the emitting element in that alloy target. 


and in these cases the tungsten correction was 
probably large enough to introduce some error 
into the final results. The correction was deter- 
mined in the following way. The tube was run 
overnight at low power with the target covered 
by a molybdenum shield. With the filament well 
outgassed by such treatment and with the 
spectrometer set for the peak of W LA,, the first 
reading taken after removal of the molybdenum 
shield should give negligible intensity due to 
tungsten LS, and give a base from which the 
tungsten intensity in all succeeding runs may be 
measured. Successive readings on the peak of 
the Lf; line in general indicated a very slow 
evaporation of tungsten from filamient to target. 

For the measurement of absorption edges, a 
gold disk was soldered to the target and both 
incident and transmitted intensities for various 
foils were determined over a range of from 30 to 
50 volts through the edge. The results on Cu K 
absorption are more accurate than those on Zn, 


because of the much greater difficulty of meas- 
uring the Zn absorption. Zn gives only a weak 
absorption at the Cu edge, but Cu gives a strong 
absorption at the Zn edge. This, combined with 
the fact that the zinc percentages, in the foils 
studied, were low, accounts for the difficulty 
experienced in obtaining good data on the zinc 
absorption edges. 


DISCUSSION 


A. Widths of emission lines 


From the simple free electron theory of metals, 
the maximum kinetic energy in the Fermi 
distribution would be expected to increase as Zn 
is added to Cu in accordance with the relation 


Emax = 36.1(m9/Q)! ev, (1) 


where m» is the number of free electrons per 
atom, and @ is the atomic volume in cubic 
angstrom units. If we assume one free electron 
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per atom of Cu and two per atom of Zn, Emax 
for Cu would be 7.0 ev and for Zn 9.5 ev. Since 
© changes very little in the series of a-brasses, 
Emax should increase almost linearly with mo. 
For a 30-percent alloy the conduction band 
should contain 1.3 free electrons per atom. With 
no=1.3, formula (1) gives Emax=8.0 ev for the 
30-percent Zn alloy compared to the 7.0 for 
pure Cu. This would lead one to expect an 
increase in width of the observed emission band 
of one volt and a corresponding shift of the 
high frequency side of the Cu Kf, to shorter 
wave-lengths. 

Figures 1 and 2 give the experimentally 
measured shapes for Cu and Zn K®;,; lines in the 
pure metals and the seven alloys. All curves 
have been plotted to arbitrary scales of ordinates 
so that they match at top and bottom. Because 
of the differences in intensity of satellite structure 
with respect to Kf, intensity, the following 
arbitrary procedure has been followed in com- 
paring widths of emission bands. The straightest 
portion of the slope of the high frequency side 
of each Cu line has been extrapolated and the 
width at half-maximum intensity is measured 
from this extrapolated slope. For Zn the high 
frequency slope has been similarly extrapolated 
and on the low frequency side, the side of the 
KB: has been extended (see curve I, Fig. 2) so 
as to cut off the K§;. The widths for Zn have 
been measured from the high frequency extrapo- 
lation to the low frequency side of Kf2. The 
widths measured in this way are given in 
Table II. 

The results listed in Table II show approxi- 
mately the same widths for Cu and Zn emission 
bands from the same alloys. In the range of a 
compositions, where the crystal structure is 
always face-centered cubic, the width of the 
Cu KB: increases from 8.2 to 8.8 or 0.6 ev 
upon addition of 30 percent Zn, with roughly 
the same increase in width for Zn KB: in the 
same range. 

Experimentally then, the widths of the emis- 
sion bands attributed to conduction electrons 
increase with increasing m) but not as much as 
predicted on a free electron theory, nor is there 
any corresponding shift of the high frequency 
side of the Cu KB, in the a-brasses to higher 
energies by any amount greater than the experi- 


mental error of about 0.3 ev. Better agreement 
would be surprising, since the free electron gas 
model of a metal is only a very rough approxj. 
mation. Still, it is interesting to see how closely 
the experimental widths of Cu Kz; and Zn Kp, 
correspond to the predictions of this simple 
theory. This seems to leave no doubt but that 
the above-mentioned x-ray bands are actually 
transitions from conduction electron levels. For 
no other transitions could the emission lines be 
expected to be as broad as observed.* To attempt 
to understand the detailed features of the curves 
of Figs. 1 and 2, it is necessary to resort to a 
more refined picture of the nature of the band 
electron levels involved. 


TABLE II. Half-widths of emission bands as defined above, 














Zn Cu KB2,s Zn Kp: 
0.0 8.2+0.2 ev 
5 8.3 8.4+0.3 ey 

10 8.5 8.5 

20 8.6 9.0 

30 8.8 9.0 

48 9.8 9.0 

67 9.0 9.2 

80 9.1 9.2 


100 9.4 














® It should be pointed out that the above procedure for 
measuring widths does not yield a reliable measure of the 
electronic band breadth in cases where the emission shows 
a complex structure. For example, consider a combination 
of a band of great breadth and low density of states with 
a narrow band of a very high density of states, which 
occupies part of the former's energy range. Such an 
overlapping band system might yield an emission structure 
which, measured across half-maximum intensity, would 
give a width more characteristic of the narrower band 
than of the wider band. 

The wave-length position on the emission line corre- 
sponding to the actual limit of the Fermi distribution of a 
given alloy may be obtained from the wave-length position 
of the inflection point on its absorption limit (see references 
1 and 2). (The half-maximum points in the extrapolation 
of the high frequency side of our lines correspond fairly 
closely in wave-lengths to the absorption edge inflection 
points.) The width of the emission band should then be 
measured from this point over to a point on the low fre- 

uency side of the emission corresponding to the lower 
limit of filled states. This latter point is more difficult to 
determine because the density of states on the low energy 
side of the electronic band is not cut off abruptly as it is 
at the Fermi surface. Theoretically (H. Jones and N. F. 
Mott, Proc. Roy. Soc. 2, 162, 49 (1937)) the arp 
function at the bottom of the conduction band should fall 
off as exp. 3/2 and reach a zero value at about 7 volts from 
the Fermi surface for Cu and at about 9.5 for Zn. Actually 
there seems to be considerable low frequency emission 
extending much further than given by the widths of Table 
I. The low frequency tails on the emission lines fall of 
much less rapidly than would be given by the crystal 
diffraction patterns or widths of the ground states. The 
same effect has been found (H. W. B. Sino. Re on 
Progress in Physics (1938), Vol. V, p. 269) in soft x-ray 
emission lines, and has not yet been explained. 























CU-ZN X-RAY 


B. Correlation of line shapes with electronic 
band structures 


Calculations of the band structure of Cu have 
been carried out by Slater? and Krutter,* and 
an attempt has been made to correlate the 
observed x-ray emission structure for Cu’ with 
these calculations. According to the calculations 
ten 3d electrons per atom of Cu are contained in 
a 3d band of high density of states with a double 
peaked structure and a spread of about 7 ev. 
The 4s band, containing 1 electron per atom, is 
a band of low density of states about 13 volts 
wide, overlapping the 3d band. The filled 
electronic levels in the 4s band extend about 2 ev 
beyond the limit of the filled 3d band. On the 
basis of these calculated results the Cu KB2,; 
doublet has been attributed to transitions in 
which electrons drop from these 3d and 4s band 
levels into holes in the K shells. Part of the low 
frequency intensity in the emission band has 
been attributed to electrons in the 3d portion of 
the band system and the high frequency hump 
has been described as emission from the filled 
part of the 4s band extending beyond the 3d. 
The transitions were assumed to take place in 
accordance with the selection rule allowing only 
s to p transitions. Krutter’s calculations*® indi- 
cate that there is considerable mixing of p 
function in the 3d and 4s bands, enough to 
attribute most of the observed intensities to 
dipole transitions rather than quadrupole. In 
the case of Zn with two 4s electrons, the 4s band 
would be full, making Zn an insulator, if the 4s 
and 4p bands did not overlap slightly. This 
slight overlap contributes a high density of ‘‘p”’ 
function at the top of the filled electronic levels, 
that has been assumed responsible for the 
maximum intensity of emission at the high 
frequency side of the K®z line. The K8; line has 
been associated with emission from the 3d band 
of Zn, which should be expected to lie somewhat 
lower relative to 4s than the 3d of Cu relative 
to Cu 4s. 

A further development of the method of 
calculation used by Krutter and Slater for Cu 
has been carried through by Chodorow.’ In his 


"J. C. Slater, Phys. Rev. 49, 537 (1936); E. Rudberg 
“ C. Slater, Phys. Rev. 50, 150 (1936). 

*H. Krutter, Phys. Rev. 48, 664 (1935). 

*M. Chodorow, Phys. Rev. 55, 675A (1939). 
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calculations he has partially taken into account 
exchange and correlation effects neglected in the 
earlier calculations. Exchange effects cause a 
contraction of the ‘‘d’’ wave function and a 
narrowing of the 3d band by about 1.7 ev 
compared to the calculations of Krutter. Further- 
more, the conduction band, although very similar 
to one containing free electrons, is split into two 
sections by the perturbations of the other bands. 
These newer results suggest an alternative 
interpretation to that which assigns the low 
frequency extra emission in Cu KB; to 3d band 
emission. The experimental double structure 
might be interpreted as emission from a split 4s 
band and the results on the brasses could 
perhaps be taken as support for such an interpre- 
tation. Before attempting to prove the correct- 
ness of either one of these two possible explana- 
tions of the observed Cu Kz, structure, it is 
best to consider the Zn Kf; emission. The 
interpretation of this latter x-ray line is straight- 
forward and an examination of its relation to 
the Zn KB: emission will help in settling the 
question of the origin of the Cu emission. 

The curves in Fig. 2 all show the structure on 
the low frequency side, called K85, that has been 
attributed to 3d emission in pure Zn. No similar 
structure ever appears in the Cu curves of Fig. 1. 
If one starts with pure Zn and increases the 
percentage of Cu, the intensity of emission per 
Zn atom is lowered on the high frequency side 
relative to that on the low frequency side of KB2, 
but there is little effect on the K®§; structure. 
If the long wave-length side of the Kf: is 
extrapolated as shown for the 100-percent Zn 
in Fig. 2, and the K®; intensity measured from 
this new base line, the resulting K§; lines are 
symmetrical lines having the half-widths given 
in Table III. When subtraction of 0.7 volt for 
crystal widths is made, the resultant half-widths 
are very close to the half-width of the K state 
alone, which has been given as 1.5+0.5 ev.! 
The 3d levels of Zn then, in pure Zn and in the 
alloys, are not appreciably broadened by the 
lattice and the K£; lines are evidently quadrupole 
transitions of the s—d type. Electrons in the 
Zn 3d levels must remain tightly bound to their 
parent atoms in the lattice and cannot contribute 
to conduction. The peak intensities in these 
quadrupole transitions range from 15 percent to 
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11 percent of the peak K®, intensities in going 
from pure zinc to 10 percent zinc. Integrated 
intensities due to quadrupole radiation, similar 
in magnitude to those found for zinc, should 
also be expected in Cu. However, the larger 
breadth of copper 3d in pure copper would tend 
to give a broad quadrupole emission with small 
peak intensity, rather than a narrow prominent 
structure like Zn K§;. In the alloys, increasing 
dilution of zinc does not appreciably affect the 
breadth or intensity per atom of the K£; emis- 
sion, because already in the pure metal, the 
overlap between 3d wave functions of nearest 
neighbors is so slight as to give no appreciable 
broadening of the levels. Increasing dilution of 
copper must be expected to narrow up the copper 
3d band, but it is improbable that the contraction 
of the band would progress far enough even with 
low Cu concentration to ever give a 3d quadru- 
pole emission from copper of similar shape and 
intensity per atom to that found for zinc. 
Support for this statement is found in the results 
on Cu-Ni alloys and allows of these two metals 
with aluminum." 

Returning to the curves of Figs. 1 and 2, it 
appears that the Kf: structures for Cu are 
very similar to the K®2 of zinc in the same 
alloys. As Zn is added to Cu, the high frequency 
intensity rises relative to the intensity on the 
low frequency side of the Cu emission band, and 
vice versa for the Zn Kz as Cu is added to Zn. 
Certainly, in pure zinc and the alloys, all the 
Zn emission structure to the high energy side of 
Zn KB;, as well as the tail of the emission 
extending to low frequencies must be 4s band 
emission. The close similarity between Cu K62,; 
and Zn KB, would make it appear then that the 
double structure in both cases is due to 4s 
electrons in support of Chodorow’s split Cu 4s 
band. This would require that Cu 3d emission be 
spread out over most of 4s and so weak as not 
to give rise to any pronounced structure super- 
posed on the 4s emission. References to Figs. 1 
and 2 shows that the zinc Kf, structure in the 
a-alloys has a more distinctly split appearance 
than the copper K£:2;. A broad copper 3d 
quadrupole emission falling somewhat centrally 
with respect to the 4s band emission could 


10H. Friedman and W. W. Beeman, Phys. Rev. this 
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TABLE III. Half-widths of Zn KB; lines 
in pure Zn and brasses. 








Za 100 80 67 48 30 20 10 
Half-width 2.5 25 24 26 24 22 20" 
—= 








produce such an effect. The main objection to 
this interpretation thus far is that no account 
has been taken of the 3d dipole radiation to be 
expected from ‘“‘p” function mixed in the 3g 
band. The calculations of Krutter indicate 
enough mixing of ‘‘p’’ function near the top of 
the 3d band to give an appreciably intense 3¢ 
dipole intensity of small breadth, rather than a 
broad weak emission, and the experimental 
separation of the double structure is in agreement 
with a separation of about 1.5 to 2.5 ev predicted 
both by the atomic spectra data and the band 
calculations. The effect of diluting copper in the 
alloy lattice should be a narrowing of the Cu 3¢ 
band and with decreasing width, the amount of 
‘“‘p” function going into the description of the 
3d band becomes less and less. It might be 
expected that the low frequency hump on copper, 
if due to 3d band dipole emission, would disap. 
pear with increasing dilution of copper. Experi- 
mentally it has been found that within the limits 
of the precision with which we could compare 
absolute intensities on different curves, about 
ten percent, there was no change in the low 
frequency intensity of Cu or Zn per atom in 
the alloy series. In the pure copper, the extra 
low frequency emission is only about ten or 
fifteen percent of the total peak intensity and 
even a complete disappearance of this extra 
intensity might be missed in our measurements. 
Actually, the curves do seem to indicate a loss 
of intensity on the low energy side of Cu, as can 
best be seen by comparison of curves B to F in 
Figs. 1 and 2. If the high energy structures of 
the curves are matched, it is evident that the 
left sides of the copper curves drop in intensity 
relative to their corresponding zinc curves. In 
curve F, the copper emission at the low energy 
side has fallen definitely below the high energy 
peak, while in zinc, both sides are just about 
equal in intensity. Since we have good reason to 
believe that zinc low energy 4s emission remains 
constant, the above results indicate a loss of low 
energy emission in copper that can best be 
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attributed to decreasing 3d dipole emission. We 
might therefore conclude that the close similarity 
between Cu KB2,5 and Zn Kf; in all the alloys is 
to a great extent accidental. The low frequency 
structure of Zn KB must be all 4s band emission, 
but that of copper Kf», ; must contain appreciable 
3d emission. Only the high kinetic energy 4s 
band electrons are completely shared and almost 
all the observed changes with alloying are 
consequently confined to the high energy portions 
of the emission bands. 


C. Extent of sharing of high kinetic energy 
electrons 


When Zn atoms and Cu atoms are combined 
to form a brass alloy, each Cu atom contributes 
one electron and each Zn atom contributes two 
electrons to the total number of conduction 
electrons. If these electrons are considered to 
form a uniform charge density distributed 
through the lattice, it is impossible to explain 
many properties of the alloys, such as conduc- 
tivities, energies of superlattice formation, melt- 
ing points, lattice expansions, etc. 

For small amounts of Zn in solid solution in 
Cu, the resistance increases considerably. Part 
of the resistance of a dilute solid solution is due 
to the thermal vibrations giving rise to a definite 
scattering probability dependent on the temper- 
ature. In addition the periodicity of the lattice 
field is further disturbed by the abnormal elec- 
tron distribution about each foreign atom. If 
upon addition of Zn to Cu, the extra 4s electron 
is considered as belonging to the lattice rather 
than the atom, then the increased resistance 
should be proportional to the scattering power 
of the extra field due to the Zn atoms. In calcu- 
lating the resistance introduced by this extra 
field, Mott" has found that a finite resistance 
can be obtained only if the greater charge of 
the Zn atoms is shielded by part of their extra 
valence electrons. In other words, the Zn atoms 
tend to retain much of their extra charge rather 
than give it up to the lattice. Mott has calculated 
the magnitude of this screening effect and applied 
the results to the calculation of the charge 
distributions in 8-brass." His calculations have 
yielded the result that the polyhedral cell about 


"NN. F. Mott, Proc. Camb. Phil. Soc. 32, 282 (1936). 
® N. F. Mott, Proc. Phys. Soc. 49, 258 (1937). 
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each Cut ion contains a total negative charge 
—0.075 e and the cell about each Zn*++ ion is 
positively charged with a total +0.075 e, where 
e is the electronic charge. That the order of 
magnitude of this calculation is correct was borne 
out by the good agreement obtained between the 
Madelung energy for the superlattice calculated 
with such charges, and the observed energy of 
formation of the superlattice. 

In the superlattice, each Zn atom is com- 
pletely surrounded with Cu as nearest neighbors, 
and the charge on a zinc polyhedron in this case, 
0.075 e, is the maximum possible for a Zn-Cu 
alloy. The disordered alloys will give an equiva- 
lent charge on a Zn polyhedron only when the 
Zn is present to a small atomic percent, so that 
the probability of being completely surrounded 
by Cu is high. 

Manning™ has pointed out that a negative 
charge around the Cu atoms in a Cu-Zn alloy: 
accounts for the expansion of the lattice and for 
the lowering of the freezing point, with addition 
of Zn to Cu. He has also indicated that the 
positive charge on Zn atomic polyhedra makes 
it possible to explain some apparent discrepancies 
between the coefficients of diffusion in Cu of 
the elements following Cu in the periodic table 
and of Cu itself diffusing in Cu. 

The data presented in Figs. 1 and 2 are in 
agreement with the above theories that Zn loses 
electronic charge to Cu in a brass alloy, and 
offer some quantitative support for Mott's 
calculation of the magnitude of the charge on an 
atomic polyhedron. The electrons that leave Zn 
for Cu in the alloys must be the high kinetic 
energy electrons, near the top of the conduction 
band. If then the intensity of the low frequency 
portion of the Cu emission and of the Zn Kp, 

emission is assumed to be constant throughout 
the alloy series, the peak intensity per atom of 
Cu on the high frequency side increases by 
about 30 percent of its mean value in going from 
100 percent Cu to 0 percent Cu, and for Zn the 
intensity on the high frequency side decreases 
by about the same amount in going from 100 
percent Zn to 0 percent Zn. The fact that the 
B-brass does not show the maximum sharing of 
electrons may be taken as indication that even 


13M. F. Manning, Phys. Rev. 55, 682A (1939). 


with the x-ray tube operating at low power, the 
surface of the target is heated sufficiently to 
destroy the ordered structure.‘ According to 
the above-mentioned calculation by Mott, the 
maximum charge lost by a Zn atom in a Cu-Zn 
alloy should be about 0.1 e. If the experimental 
data is to be compared with this result, one 
should consider not the change in peak intensity 
but the change in integrated intensity due to 4s 
emission. This latter change is of the order of 
5 percent if one compares the pure metal 
emission of Cu atoms with emission from Cu 
atoms when they occur in greatest dilution in Zn. 
Since the total integrated intensity under the 
KB: curve is given by two conduction electrons 
per atom in pure zinc, a loss of 5 percent in 
integrated intensity indicates a loss of 0.1 
electronic charge. 

The result that the peak of K6; in Zn does not 
‘appreciably change its position relative to the 
high frequency side of KB: in the entire alloy 
series might be taken as further indirect evidence 
for the small sharing of conduction electrons 
between Cu and Zn in an alloy. Reference to 
Bacher and Goudsmit’s atomic spectra terms” 
gives the following energy relations: 

Zn II: 3d%4s? lies 7.6—-8.1 volts above 3d'%4s 

Zn III 3d%s lies 9.9 volts above 3d". 

Zn II has the same nuclear field as Zn III but 
one external 4s electron has been added on and 
the shielding effect of this electron is sufficient 
to raise the 3d levels of Zn II two ev relative to 
those of Zn III. If this atomic data may be 
applied to the alloys, one should expect the 
separation of 3d, given by Zn K§;, and 4s given 
by KBs, to change by about 2 ev between pure 
Zn and Zn in dilute solution in Cu, assuming Zn 
to lose all of its extra electron to Cu. If, however, 


















4 With the x-ray tube powers employed, and the known 
width of the focal spot, we have calculated a surface 
temperature for the 8-brass alloy target of about 400 to 
500°C. The measurements could be carried out with 
thinner alloy samples and lower powers so as not to raise 
the surface temperature above 50°C. However, with the 
technique employed in these measurements, we have not 
been able to heat treat the 8-brass to restore a completely 
ordered structure after soldering the alloy sample in place 
on the target. The solder diffuses through a thin sample 
rather quickly. We plan to alter the experimental pro- 
cedure now used in such a manner as to assure complete 
ordering of the 8-brass during measurements, and the 
results then obtained would offer a direct check on our 
above interpretation. 

% R. F. Bacher and S. Goudsmit, Atomic Energy States 


(McGraw-Hill, 1932). 
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Fic. 3. Ordinates of all curves are expanded so as to 
have the same height from top to bottom. Curves are not 
corrected for second-order radiation. Zero abscissa corre. 
— to the wave-length of the pure metal absorption 
edge. 


as predicted by Mott’s calculation, the maximum 
loss of charge is only about 10 percent of an 
electron, the greatest shift expected would be of 
the order of 0.2 ev, which agrees with the 


observations of Fig. 2. 


D. Absorption limits 


Figure 3 shows the results obtained for the 
Cu K-absorption limits in pure Cu and in 
percent Cu, 80 percent Cu, and 70 percent Cy 
a-brasses. Figure 4 shows the corresponding data 
for the Zn K-absorption limits in pure Zn, 30 
percent Zn and 20 percent Zn. Copper and zinc 
in the same alloys show very similar absorption 
near the edge. 

‘The ordinate of the inflection point (marked 
L on the 100 percent Cu curve in Fig. 3) of the 
initial absorption jump contour, is a measure of 
the density of states into which the initial 
absorption takes place. [t has been assumed! 
that the initial absorption in Cu takes place 
into empty “‘p” states in a part of the 4s band 
where ‘‘p”’ function is decreasing slowly with 
increasing energy. The addition of Zn to Cu in 
the a-brasses should push the absorption at first 
to lower densities of ‘‘p’’ function. Experi- 
mentally, with increasing zinc content, the 
initial Cu absorption (measured by the ordinate 
L in Fig. 3) decreases more and more slowly in 
the ratio 5.2 : 4.8 : 4.5 : 4.4 from 100 percent Cu 
to 70 percent Cu. The initial Zn absorption 
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Fic. 4. Ordinates of all curves are expanded so as to 
have the same height from top to bottom. Curves are not 
corrected for second-order radiation. Zero abscissa corre- 
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edge. 


increases in the three curves of Fig. 4 in the ratio 
7.0 :7.1.: 10.2. An increasing density of ‘‘p” 
function near the top of the 4s band could be 
expected only if the 4p band overlapped the 4s 
band, since the top of the 4s band is pure “‘s”’ 
function. The above-mentioned experimental 
data indicate that for the 30 percent Zn alloy 
the surface of the Fermi distribution is situated 
in a region of electronic states where the 4s 
band is overlapped by 4p. In pure Cu, the dip 
marked M in Fig. 3 has been attributed to a gap 
or very slight overlap between 4s and 4p bands. 
With increasing Zn content this minimum in 
absorption washes out. At 10 percent Zn there 
is still a slight dip in the Cu absorption, but at 
20 percent and 30 percent Zn in both the Cu 
and Zn absorption edges, the dip is no longer 
present. If the interpretation of the dip for pure 
Cu is correct, the data show that addition of Zn 
to Cu has the effect of causing a greater overlap 
of 4s and 4p bands. 

The secondary absorption structures for Cu 
K absorptions all look like those of pure Cu, as 
would be expected on a free electron picture, 
since there is no change in lattice structure. But 





the corresponding Zn secondary structures bear 
closer resemblance to that of pure Zn in its 
hexagonal lattice, than to pure Cu. Evidently 
the atomic field and not the lattice type is the 
more important factor in determining secondary 
absorption structure even out to 30 volts. No 
shift of the edges greater than the experimental 
error of 0.3 volt has been detected, in agreement 
with the data on emission. 

Work on the optical constants of brasses'® 
shows absorption limits in the neighborhood of 
5500 angstroms. These absorptions have been 
interpreted as due to transitions from filled 3d 
levels of Cu to the empty states above the 
Fermi surface. In the range of a-brasses up to 
25 atomic percent Zn no shift of this absorption 
greater than 0.4 ev has been observed. 


CONCLUSION 


All the data on emission and absorption 
indicate no shift of the Fermi surface on alloying 
comparable to the shift expected on a simple 
free electron theory. Addition of Zn to Cu, 
however, does produce, in emission band struc- 
tures, evidence of an increased number of high 
kinetic energy electrons about Cu and a corre- 
sponding decrease about Zn. This charge transfer 
is not nearly as large as expected for a complete 
sharing of valence electrons between Cu and 
Zn, but is in agreement with an alloy picture in 
which each component maintains a very large 
percentage of its valence charge. 

It is a pleasure to acknowledge our indebted- 
ness to Mr. Cyril S. Smith of the American 
Brass Company for carefully preparing the alloys 
used in this work. We are also grateful to the 
American Philosophical Society for a grant-in- 
aid, and to members of the Baltimore-Washing- 
ton solid state seminar for valuable discussions 
and suggestions. 


1® Lowery, Wilkinson and Smare, Proc. Phys. Soc. 49, 
345 (1937). 
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A double crystal spectrometer has been used to measure the shapes of the Kz: 5-emission 
lines and the K-absorption edges of zinc and nickel in two zinc-nickel alloys containing 17 
percent zinc and 30 percent zinc by weight, respectively. These lines arise from transitions of 
valence and 3d electrons into the empty K shell. In the two alloys the zinc emission line and 
absorption edge are shifted about a volt toward lower energies and the line is narrowed. Nickel 
is changed only slightly. The results indicate that the higher energy valence electrons of zinc 
are shared with nickel and probably go into 3d states about the nickel atoms. 





INTRODUCTION 


HE metals of the first transition group have 

an unfilled 3d band which is responsible 
for their ferromagnetism, high electronic specific 
heats and low conductivities.! In nickel this 
band lacks completion by only 0.6 electron per 
atom and therefore is filled in an alloy of nickel 
with 60 atomic percent copper or 30 atomic 
percent zinc, assuming that the 4s electrons of 
copper and zinc are completely shared. There is 
much evidence, based on the magnetic properties 
of these alloys, that such a sharing of electrons 
actually takes place. A full discussion may be 
found in reference 1. Later work? has made it 
doubtful if the sharing is really complete, but 
there can be no doubt that it is considerable and 
also that the degree of filling of the 3d band is 
one of the most important factors in determining 
the magnetic, electrical, and thermal properties 
of these alloys. 
We have made x-ray measurements on two 
zinc-nickel alloys containing 17 percent zinc 
and 30 percent zinc by weight, respectively. 
They are two of those used by Dr. Wheeler of 
Vassar College in her recent work? on the para- 
magnetic susceptibilities of a series of copper- 
nickel and zinc-nickel alloys. The reader is 
referred to her paper? for details of their prepara- 
tion and heat treatment. The present paper seems 
to be the first report on the x-ray spectra of this 
alloy series. Both of the present alloys crystal- 
lize in the face-centered cubic system, as does 























* This research was supported by a grant-in-aid from 
the American Philosophical Society. 

1N. F. Mott and H. Jones, Properties of Metals and 
Alloys (Oxford Press, 1936), p. 189. 
2 Mary A. Wheeler, Phys. Rev. 56, 1137 (1939). 


pure nickel. The limit of solubility of zinc in the 
nickel lattice is about 39 percent zinc at room 
temperatures, and the solution is not accom. 
panied by any great distension of the lattice. 
The lattice constant increases by less than 2 
percent in going from pure nickel to the 30-per- 
cent zinc alloy. 

Our experimental procedure was the same as 
that described in the preceding paper on the 
brasses* except that smaller pieces, about 0.03 
cm thick and 0.6 cm in diameter, were soldered 
to the copper target for the measurement of 
emission lines. The same precautions as before 
were observed in correcting for the W LA; line 
which is just on the high frequency side of Zn 
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Fic. 1. Zinc KB2,s-emission lines from zinc-nickel alloys. 





sj. A. Bearden and H. Friedman, Phys. Rev., preceding 
paper. 
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ABSORPTION OF 


KB:. Another tungsten line, La, interferes with 
the measurements on Ni K@§;, but its intensity 
is too low to cause any error. However, the same 
procedure was followed of outgassing the fila- 
ment while shielding the target with a molyb- 
denum plate. None of the emission lines was run 
with more than 300 watts expended in the target. 
Absorption foils were rolled to a thickness of 
approximately 0.001 cm and absorption measure- 
ments were made as previously described.* 


EXPERIMENTAL RESULTS 


The experimental results are shown in Figs. 1 
to 3. The scale of intensity of each emission 
curve, Figs. 1 and 2, has been adjusted so that 
they have the same height. Successive curves 
are displaced vertically and the zeros of emis- 
sion indicated by the two horizontal lines under 
each curve. 
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Fic. 2. Nickel K8;-emission lines from zinc-nickel alloys. 


No shifts of the peak of the nickel line were 
observed, but the main peak of the zinc line in 
the ‘alloys was shifted about 0.9 ev toward 
lower energies with respect to that of pure zinc. 
The low frequency zinc peak due to 3d emission 
is not shifted by more than 0.3 ev. We have also 
measured the widths at half-maximum, and the 
asymmetries of these lines, and obtained the 
data shown in Table I. The asymmetry is 
defined as the part of the width at half-maximum 
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Fic. 3. The K-absorption edges of pure nickel and of 
zinc from zinc-nickel alloys. 


on the low frequency side of the peak of the 
line divided by the part on the high frequency 
side. It is one for a symmetrical line. 

In both nickel and zinc there is considerable 
satellite intensity, so half-widths have been 
measured to the projection of the straight part 
of the high frequency side of the line as de- 
scribed in reference 3. This involved only small 
corrections. The low frequency 3d peak of the 
zinc line also was subtracted before making half- 
width measurements. No corrections have been 
made in the tabulated half-widths for the crystal 
or the width of the K excited state. 

Only four absorption edges are shown in Fig. 3, 
as the nickel edge in the alloys is indistinguish- 
able from that of pure nickel. However, the 
zinc edge, just as with the emission line, shows 
marked changes from the pure metal to the 
alloy, notably a shift to lower energies of 1.3 ev 
of the point ZL marking the top of the Fermi 
distribution.‘ The absolute wave-lengths corre- 
sponding to the point Z are, pure zinc 1.2807A, 
pure nickel, 1.4852A. 

It is believed that the errors in the absolute 
energies of the peaks of the lines and the tops 
of the Fermi distributions are no greater than 


*W. W. Beeman and H. Friedman, Phys. Rev. 56, 392 
(1939). 
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probably correct to +0.2 ev. 


DISCUSSION 


The narrowing of the zinc line and the shift to 
lower energies of its main peak are most easily 
explained as results of the loss of higher energy 
zinc electrons to the empty states in the narrow 
3d band of nickel. However, this evidence is not 
conclusive, as the same effects would be pro- 
duced if alloying merely cut down the intensity 
of emission on the high frequency side of the 
zinc line, perhaps by changing the transition 
probability, without actually ionizing the zinc 
atom. Farineau® has published some soft x-ray 
lines involving the valence electrons of nickel 
and aluminum in a series of nickel-aluminum 
alloys. His voltage resolving power is greater 
that that obtainable in the hard x-ray region, 
and he was able to show that the aluminum line 
from alloys of increasing nickel content does not 
shift or narrow if one measures along the bottom 
of the line but rather that the intensity of high 
energy emission is greatly reduced. 

Better evidence for a lowering of the top of 
the Fermi distribution as nickel is alloyed with 
zinc is furnished by the shift of the zinc absorp- 
tion edge. This amounts to 1.3 ev according to 
our measurements, and there can be no serious 
error due to the finite width of the K excited 
state and the crystals, as the method of de- 
termining‘ the point L takes into account these 
factors. It is quite conceivable that the change 
from the hexagonal close-packed structure of 
pure zinc to the face-centered cubic lattice of the 
alloys could cause such a shift, but this is not 
likely in view of the results of Bearden and 
Friedman,* who found no displacement of the 
zinc edge in the a-brasses, which have also a 
face-centered cubic lattice but no holes in the 
3d band. 

The results on nickel indicate that the elec- 
trons lost by zinc go into a band in which the 
density of states is high and the probability of 
transitions to or from the K shell low. These are 
both characteristics one would expect of the 
nickel 3d band. The first conclusion may be 
understood by the following reasoning. If the 































































5 J. Farineau, J. de phys. et rad. 10, 327 (1939). 
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+0.3 ev, while the half-widths of the lines are 
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TasLe I. Widths at half-maximum and asymmet ; 
line from alloys. 7 ¢ time 











——— 
LINE WIDTH IN EV ASYMMETRY 
100 Ni 7.1 1.7 
83 Ni 7.4 1.5 
70 Ni 7.6 1.4 
100 Zn 9.4 2.8 
30 Zn 7.2 1.8 
17 Zn 7.2 1.7 








energy densities of states at the highest filled 
levels were the same in zinc and nickel, the 
shifts of the absorption edges due to taking a 
certain number of electrons from zinc and plac- 
ing them around nickel would be inversely 
proportional to the atomic concentrations of the 
elements and in opposite directions. This would 
predict'a displacement of the nickel edge of about 
0.6 ev toward higher energies in the 70 percent Ni 
alloy. No shift was observed, indicating that the 
nickel lattice can accommodate a considerable 
number of electrons without greatly increasing 
the energy of the highest filled level. On the 
other hand, the transition probability to these 
states must be low because in nickel they are 
empty and contributing to the intensity of the 
initial absorption, while in the alloys they are 
filled and make no contribution to the absorp- 
tion. Experimentally no change in the appear- 
ance of the absorption edge is detectable. The 
fact that only minor changes occur in the nickel 
emission line is in agreement with the above 
conclusions. Most of the structure of both the 
emission line and absorption edge of nickel must 
be due to the 4s band which overlaps the 3d. 
As long as there are empty states in the 3d 
band, however, very few electrons will go into 
the 4s band and the changes in the emission and 
absorption spectra with alloying will be slight. 
It is not possible to say just what fraction of 
an electron per zinc atom is lost to the lattice in 


these alloys, but it must be greater than the . 


0.1 electron per atom which zinc*® loses when 
completely surrounded by copper, since no 
shift of the zinc absorption edge is observed in 
any of the brasses. On the other hand, the 
ionization of the zinc in the present alloys is 
almost certainly not as great as the 1.4 electron 
per atom which it would lose if the 4s electrons 
were completely shared with the nickel. The 
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simple free electron theory would predict in this 
case a lowering of the top of the Fermi distribu- 
tion of about 3.4 ev, but no shift of the zinc 
absorption edge or narrowing of the line of this 
magnitude is observed. Wheeler? found that the 
paramagnetic suceptibilities of these alloys do not 
approach zero as the concentration of zinc 
approaches 30 atomic percent, which would 
seem to show that some 3d states remain un- 
filled even when the total number of electrons 
in the lattice is sufficient to fill them. One would 
expect this if the sharing is incomplete, i.e., 
if after a certain ionization of the zinc core is 
reached it is energetically more favorable for 
electrons to shield the zinc than to go into nickel 
3d states. It is interesting to note that Wheeler 
always found a higher paramagnetic suscep- 
tibility for a zinc-nickel alloy containing X 
atomic percent zinc than for a copper-nickel 
alloy containing 2X atomic percent copper. 
If sharing were complete there would be the 
same number of electrons in the 3d band in each 
case; however, one would expect greater devia- 
tions from complete sharing with zinc because of 
its higher charge. There is x-ray data in agree- 
ment with the results of Wheeler, Farineau and 
Morand®:* and Friedman and Beeman’ have 
published some emission lines from nickel in 
nickel-aluminum and nickel-copper alloys which 
indicate that when nickel is present in concentra- 
tions of less than 50 percent, its 3d band narrows 
and the highest 3d levels are reduced to somewhat 
lower energies. This would tend to give a more 
complete filling of the band in the nickel-copper 
than in the nickel-zinc alloys. 


$J. Farineau and M. Morand, J. de phys. et rad. 9, 
447 (1938). 

7H. Friedman and W. W. Beeman, Phys. Rev., following 
paper. 
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Some conclusions of interest can be drawn 
from the remaining data, particularly the widths 
and asymmetries of the zinc lines. The observed 
narrowing of the zinc line in the alloys would be 
expected simply because of the partial ioniza- 
tion of the zinc atom, but a decrease in width of 
2.2 ev is more than can be accounted for in this 
way. In addition, the fact that the asymmetry 
decreases rather than increases with alloying 
shows that the larger part of this narrowing is 
due to a loss of intensity on the low frequency 
side of the line. A glance at Fig. 1 makes this 
apparent. The 3d peak is seen to be much further 
down the low frequency side of the line in the 
alloys than in pure zinc, indicating that the 4s 
emission at the same wave-length as the 3d peak 
is less intense in the alloys relative to the main 
peak of the line. The reason for this is probably 
that the stronger field of zinc lowers its 4s band 
sufficiently with respect to that of nickel so that 
the least energetic zinc 4s electrons cannot es- 
cape from their parent atom at all when zinc 
is largely surrounded by nickel, as in the present 
alloys. Under these circumstances they would 
behave very much as atomic 4s electrons and 
have no chance of making a transition to the 
K shell. 

It is to be noted that here, as with the brasses, 
the zinc 3d electrons appear to be tightly bound 
and but little affected by alloying. No sign of 
emission due to them is found in the nickel lines. 

We wish to thank Dr. Mary A. Wheeler for 
kindly lending us the alloys used in this research, 
and the members of the Baltimore-Washington 
solid-state seminar for numerous discussions of 
the material involved. The financial assistance 
given by the American Philosophical Society is 
greatly appreciated. 
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The shapes of the Cu Kz, lines and Ni K@; lines from Cu-Ni alloys vary smoothly with 
composition. The trend with increasing percentage of the emitting atoms is always toward a 
flattening out of the peaks of the lines. To explain the observed shapes it has been proposed that 
the major effect of alloying is a loss of 3d band dipole radiation with increasing dilution of the 
emitting atom. The absorption limits, in contrast to the emission lines, show no influence of 
alloying. The Cu K limit continues to look like that of pure Cu even when the emitting atom 
is almost completely surrounded by nickel nearest neighbors, and similarly no changes are 
observed in the nickel edges even down to 21 percent nickel. 




















independently of crystal structure changes over 
the entire range of composition. 

An explanation of the shape of the pure Cy 
KB:,; emission has been given? based on the 
results of calculations by Krutter and Slater 
(Fig. 1) of the electronic 3d and 4s energy bands 
of Cu. The extra emission on the low frequency 
side was attributed to the 3d band. Slater, in 
calculating the ferromagnetism and electronic 
specific heat of Ni, extrapolated the Cu band 
calculations to the case of Ni and obtained order 


HE Ké&; line of pure Ni and the K8;,; line of 
pure Cu, as well as their K-absorption limits 
have been previously measured.'? The present 
paper reports an extension of these measure- 
ments to three alloys of Cu and Ni having the 
compositions by weight 30 percent Cu—70 
percent Ni, 54 percent Cu—46 percent Ni, 79 
percent Cu—21 percent Ni. Cu and Ni form a 
complete series of solid solutions with the face- 
centered cubic structure. Furthermore, the 
lattice constant decreases linearly, with in- 




















creasing Ni content, by only 2 percent. Pure Cu 
has a constant of 3.59A and Ni, 3.52A. The effect 
of alloying on the Kf. and K§; lines and on the 
K-absorption limits can therefore be studied 
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Fic. 1. Density of states as a function of energy in Cu. 
Lines labeled Ly; and Ley give the energies to which the 
bands are filled in Ni (assuming same energy levels as for 
copper) and in Cu by 10 and 11 band electrons per atom, 
respectively. 





* This research was supported by a grant-in-aid from 
the American Philosophical Society. 

1J. A. Bearden and C. H. Shaw, Phys. Rev. 48, 18 
(1935). 

2 W. W. Beeman and H. Friedman, Phys. Rev. 56, 392 
(1939). 


3 J. C. Slater, Phys. Rev. 49, 537 (1936). 
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of magnitude agreement with experiment. This 
extrapolation consisted of lowering the surface 
of the Fermi distribution down to where the Cu 
band system would be filled with ten electrons 
per atom. The effect of cutting off the portion of 
filled states in the 4s band extending beyond the 
limit of 3d would be to give a nickel K§; line 













, 
WICKEL Rg,- Emission 
BANOS FROM CU-m! 
ALLOYS 






'ercunsizrvy 















| 


IMCREASING A — 











oa _— T + r T 
Ss 10 s 0 “5 “10 “5 tv 


Fic. 2. 














ST7 fe es SO UlUmlC SlC lUCU [CCU 


ur 








Over 


Cu 
the 
ater 
inds 
ncy 
3 in 
onic 
and 
rder 
This 
face 
Cu 
rons 
n of 
the 
line 


















with no hump like that found for Cu K:2,; on the 
high frequency side. If the experimentally 
observed Ni K§; is drawn in on the Cu KB2,5 with 
the copper low frequency peak matching the 
nickel peak, the extra emission on the copper 
may be attributed to emission from the portion 
of the band system between Ly; and Le, in 
Fig. 1. In alloying copper and nickel, one might 
therefore expect the addition of copper to 
nickel to produce simply a filling in on the high 
frequency side of Ni Ks; corresponding to a 
raising of the surface of the Fermi distribution 
bevond the limit of the 3d band. The nickel 
K-absorption edges, correspondingly, would be 
expected to follow the surface of the Fermi dis- 
tribution to higher energies with increasing cop- 
per content. The experimental results reported 
here, however, are considerably more complex, 
and evidently the direct extrapolation of the 
copper band system to nickel and the above 
simple picture of. the effect of alloying are un- 
justified. In the following we shall give a descrip- 
tion of the experimental data, a comparison with 
other related data, and lastly an attempt to 
explain this variety of experimental material. 


EXPERIMENTAL 


The double crystal spectrometer and the 
technique of intensity recording is fully de- 
scribed in reference 3 of a preceding paper.‘ 
Specific precautions taken for nickel K8; meas- 
urements because of the W Laz line on its high 
frequency side are described in the preceding 
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paper by Bearden and Beeman® on nickel-zinc 
alloys. The measurements shown in Figs. 2, 3, 4, 
and 5 are the results on a set of alloys supplied 
us by the American Platinum Company. Target 
samples were about 1 mm thick, and foils for 
absorption measurements were rolled from the 
above samples to a thickness of about 0.001 cm. 
As a check on the alloys used, the measurements 
have been repeated with two duplicate sets of 
alloys, one loaned us by Dr. Mary Wheeler® &f 
Vassar College, and the other by Dr. B. Kurrel- 
meyer’ of Brooklyn College. Measurements on 
all three sets agree within the experimental error. 
Figures 2, 3, 4, and 5 give, respectively, the 
nickel Kf; emission for pure nickel and the three 
alloys, the copper K2,5 emission for pure copper 
and the alloys, and the corresponding nickel 
and copper K-absorption limits. The abscissae 
are labeled positively and negatively with re- 
spect to a zero corresponding to a transition of a 
K electron of the pure metal into the lowest empty 
levels of the valence electron band system. The 
zero is determined by matching the initial ab- 
sorption rise to an arctangent curve as described 
in reference 1. Positive abscissae correspond to 
unfilled levels above the Fermi distribution, 
and negative abscissae to filled levels below the 
surface of the Fermi distribution. The scales of 
ordinates have been adjusted so that all curves 
have the same total height from top to bottom, 
and successive curves have been displaced equal 
distances vertically to facilitate comparison. 
The experimental results indicate that the 
copper absorption begins at the same energy, 
within a probable error of 0.3 ev, in the pure 
metal and in the alloys. Three of the nickel 
curves of Fig. 4 fall together within the 0.3 ev 
limit, but the low nickel percentage nickel K 
edge appears to be displaced at the inflection 
point L by 0.8 ev from the pure nickel edge. 
This displacement is very uncertain because of 
the considerable difficulty experienced in ob- 
taining sufficiently good data on such a low 
percentage nickel alloy to make possible an 
accurate determination of the inflection point L. 
Repeated measurements on this nickel K edge 


5J. A. Bearden and W. W. Beeman, Phys. Rev., pre- 


ceding paper. 
sd Ma A. Wheeler, -_ Rev. 56, 1137 (1939). 
7W. H. Keesom and B. Kurrelmeyer, Phys. Rev. 57, 


1068A (1940), 
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TABLE I. Widths of Ni K8; and Cu KBz,, lines 
at half-maximum. 











i 
PERCENT Ni Cu WiptH Ni Wiptn 
0.0 8.2 ev a 
21 7.8 8.8 ev 

46 8.0 7.9 

70 8.0 7.5 

100 7.2 
———— 








in 21 percent nickel have, however, indicated 
a mean value for the L abscissa much closer to 
that found for the alloys with higher percentages 
of nickel than is indicated in Fig. 4. 

The emission lines show marked changes jn 
shape but hardly any shift of the line as a whole. 
If one defines the center of the line as its hori- 
zontal midpoint at the half-maximum intensity, 
then any shifts of the center are less than one- 
half ev for both copper and nickel. The widths 
of the lines measured in the manner described 
in reference 4 are given in Table I. 

Only in nickel is any trend noticed. The copper 
widths are equal within the experimental error, 


DISCUSSION 


I. Emission lines 


The work of Farineau on the La-emission 
lines of copper and nickel in alloys with each 
other and with aluminum*® shows quite def- 
nitely that the 3d bands of these elements tend 
to narrow up when the distance between like 
atoms is increased by alloying. The magnitude 
of this narrowing is not easy to estimate quantita- 
tively, but appears from his microphotometer 
traces to be in the neighborhood of from 25 to 30 
percent for the smallest concentrations. It 
generally is not very noticeable until the emitting 
atom is reduced to a concentration of less than 
50 percent, and the nickel line actually appears 
to widen when the nickel is present in large 
amounts in a copper-nickel or aluminum-nickel 
alloy. Farineau has attributed this initial widen- 
ing to the filling of the empty states in the 
nickel 3d band by the valence electrons of the 
other component of the alloy. 

Comparing our results with the data of 
Farineau, it appears at first that a consistent 


8J. Farineau and M. Morand, J. de phys. et rad. 9, 


447 (1938). 
*J. Farineau, J. de phys. et rad. 10, 327 (1939). 
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interpretation of both sets of experimental 
evidence would not be easy to attain. In contrast 
to his data, our results for the alloys are mostly 
in the direction of a broadening or smearing out 
of the emission line structures present in the 
pure metals. The two sets of data can, however, 
be shown to agree if one ascribes the changes in 
appearance of the KB2,; lines in the alloys to a 
loss of 3d emission. This can be seen as follows. 
The narrow low frequency peak in copper has 
been ascribed to 3d emission. It is superposed 
on a broad band of 4s emission. This same sharp 
3d emission is present in nickel, but since the 
nickel 3d band is partially empty, the high 
frequency limits of the 3d and 4s emission coin- 
cide. Emission from 3d and 4s therefore adds up 
to give a rather sharp peaked but structureless 
nickel line. Now, if this 3d emission disappears 
in the alloys, there will remain only the broad 
4s emission band, which is what the experimental 
results show. The nickel line appears rather 
flatter and broader across the top at greatest 
dilution of nickel than does copper in the lowest 
percentage copper alloy, but this is not unex- 
pected for two reasons. First, we have measured 
nickel in a 21 percent nickel alloy, while our 
lowest percentage copper alloy contains 30 
percent copper. Secondly, the nickel 3d emission 
is probably broader than that of copper, due to 
the greater radius of the nickel 3d wave functions 
and its loss would leave a flatter 4s emission. 
It should also be noticed that the loss of 3d 
emission does not appear to be large until the 
percentage of the metal concerned falls to 50 
or below. This is in general agreement with 
Farineau’s findings on the narrowing of the 3d 
band. 

In seeking to explain why the narrowing of the 
3d band should cause a disappearance of the 3d 
emission in the KB, lines, one is forced to the 
conclusion that this emission is dipole radiation 
resulting from a mixture of ‘‘p’’ function at the 
top of the 3d band. This is rather plausible. 
Experimentally it is clear that we are getting 
radiation from only a part of the 3d band. If one 
considers the 3d radiation of pure nickel and 
copper apart from the broad underlying 4s band 
radiation, and corrects the former for the width 
of the crystals and the K excited state (about 
2 ev) it is evident that the band levels giving 
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rise to this radiation extend over a range of not 
more than one ev. But Farineau’s work indi- 
cates that the complete 3d bands of copper and 
nickel are between three and five ev’ in width. 
It is also clear from the position of the 3d emis- 
sion close to the high frequency side of the KB:,; 
line in both copper and nickel, that the states 
giving rise to the radiation are at the top of the 
3d band. On theoretical grounds one would ex- 
pect any admixture of ‘‘p’’ function in the 3d 
band to be greatest near its upper limit because 
there the energy of the states is more nearly that 
of the atomic 4p levels. Krutter's calculations 
of the band structure of copper also showed a 
much greater admixture of ‘‘p’’ function near 
the top than near the bottom of the 3d band." 
If this interpretation of the radiation is accepted, 
then it is understandable enough that when like 
atoms are separated in a dilute alloy, the de- 
creased interaction of similar atomic states 
which leads to a narrowing of the band will also 
lead to a reduction in the admixture of ‘‘p” 
function in the band. 

The above hypothesis is in fairly good agree- 
ment with the experimental data on the other 
alloys, the greatest difficulty arising in the 
interpretation of the zinc 3d emission. The 
KB;-emission line of zinc from the pure metal 
and its alloys indicates a 3d band not more than 
one-half volt wide, and about eight ev below 
the top of the Fermi distribution.” In the 
previous work the zinc 3d radiation has been 
interpreted as quadrupole because the band 
seems too narrow to contain any appreciable 
admixture of other wave functions, and also 
because the same line persists in the spectra 
of elements of higher atomic number where the 
3d orbits must be definitely atomic in character. 
The zinc 3d radiation is affected hardly at all 
by alloying, another indication of the atomic 
character of the electrons. The question then 
arises why quadrupole radiation does not give 
definite indication of the entire extent of the 
copper and nickel 3d bands, and the answer 
seems to be that if the band is three to five ev 
wide instead of one-half ev, the emission is 

1° In arriving at these figures a correction of 1.0 ev for 
the width of the Ly excited state has been subtracted 
from the photographed band width. 


H. Krutter, Phys. Rev. 48, 664 (1935). 
#2 J. A. Bearden and H. Friedman, Phys. Rev. this issue. 
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spread over too great an interval to be noticeable 
compared to the more intense 3d dipole radiation. 
The quadrupole transition is prominent in zinc 
and elements of higher atomic number only 
because the band is narrow and therefore the 
density of states high. There is also the evidence 
of the La line'* on the width of the zinc 3d-band. 
It would seem to indicate a band somewhat 
wider than one-half ev, perhaps as wide as 2.0 
ev. Theoretically one would expect a very rapid 
narrowing of the 3d band with atomic number 
as soon as the 3d wave functions become so small 
that those of nearest neighbors overlap only in 
the region of exponential decay of the wave 
functions. This probably occurs near the end of 
the first transition group. In addition, the dis- 
tance between nearest neighbors is greater in 
zinc than in any of the immediately preceding 
metals. Both factors will tend to narrow the 
zine 3d band. 

It would also be expected that the 3d radia- 
tion of copper and_nickel, if it is dipole, would 
disappear in alloys of these elements with zinc. 
Unfortunately the zinc-nickel measurements$ 
have not been carried out on alloys of sufficiently 
high zinc content to furnish a test. The results 
on the brasses,‘ while somewhat complicated, 
do, however, indicate a loss of 3d band dipole 
emission upon lowering the copper content 
of the alloys. 

The emission line widths given in Table I 
are what one would expect from a loss of the 
narrow 3d emission. Because of this lose, half- 
width measurements are made lower on the 4s 
emission band in the alloys than in the pure 
metals. This probably explains the considerable 
widening of the nickel line. The copper line keeps 
about the same width throughout the series, 
but in copper the loss of 4s electrons to nickel 
tends to narrow the line, compensating for the 
other effect. 


II. Absorption edges 

In a previous paper? the K-absorption edges 
of pure copper and nickel were discussed. The 
experimental results on copper were found to 
be in good agreement with the band calculations 
of Krutter and Slater (Fig. 1) and the differences 
between copper and nickel, mainly the absence 


18 J. Farineau, Ann. de physique 10, 20 (1938). 
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in nickel of the absorption minimum about 4 ey 
beyond ZL in the copper edge, seemed under. 
standable because of the greater overlap of the 
nickel wave functions. 

However, the curves of Figs. 4 and 5 show 
that no appreciable difference from the pure Cy 
K-absorption limits appears in the Cu absorption 
limit for any of the alloys and similarly, all the 
nickel curves are closely alike. These results are 
supported by the data of T. Hayasi" on the 
pure metals and a 50-50 Cu-Ni alloy. The 
above data indicate that it is not entirely 
correct to compare the structure of the absorp. 
tion edge with the calculated bands. The failure 
to find any effect of alloying cannot be taken as 
evidence for the identity of the two band systems, 
since the two absorption edges are quite differ. 
ent, particularly the structures close to the 
initial absorption. It would appear, rather, that 
the lower energy states into which the K electron 
can be excited are determined mainly by the 
field of the absorbing atom itself and not by the 
periodic lattic field. It has been suggested by 
several authors! !* that the ionization of the K 
shell of the absorbing atom leaves its outer 
electrons moving in a field similar to that of the 
atom of next higher atomic number. As a 
consequence, the states which should be used in 
any attempted explanation of the observed 
absorption of pure copper are not those calcu- 
lated by Krutter and Slater for the normal copper 
lattice, but rather the allowed states for an 
electron about an atom of zinc occupying one 
of the sites in a copper lattice. These are some- 
times called reduced states. Since electrons tend 
to cluster around an ionized atom and shield its 
extra positive charge, it seems quite likely that 
the wave function of the ejected K electron does 
not extend any great distance from the absorbing 
atom and therefore that the energy distribution 
of the final states will not be very sensitive to 
whether the surrounding atoms happen to be 
copper or nickel. These considerations probably 
do not apply to absorption structure except 
within a very few volts of the edge, since an 
electron ejected with any considerable velocity 


“4 T, Hayasi, Tohoku Univ. Sci. Reports 25, 598, 606, 
661 (1936). 

16H. W. B. Skinner, Proc. Roy. Soc. 140, 277 (1933). 

16F, K. Richtmyer, S. W. Barnes and E. Ramberg, 
Phys. Rev. 46, 843 (1934). 
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cannot be thought of as remaining in the vicinity 
of the parent atom.’ Even close to the edge the 
structure must be somewhat similar to what 
one would calculate for the normal lattice, since 
all the general features of the absorption data 
of reference 1 can be understood without intro- 
ducing the idea of reduced states. We might ex- 

t then that absorption structure close to the 
edge should be less sensitive to alloying than 
are the emission lines, since in the final state of 
the emission process the K shell is filled and the 
structure of the line will be determined by 
which state of the normal lattice band is left 
empty. However, the failure of the copper and 
nickel edges to show any change at all in the 
copper-nickel alloys may be partly due to 
peculiarities of this alloy series. The two metals 
have about the same number of 4s electrons in 
the pure state, nickel 0.6 4s electron per atom 
and copper 1.0, necessitating very little shift 
of the top of the Fermi distribution on alloying. 
Also, the field of a copper and of a nickel atom 
at a neighboring lattice point should be rather 
similar, since the differences in the outer shells 
of the two atoms consist mostly of the extra 3d 
electrons added to copper. Their wave functions 
have small radii compared to the 4s so that the 
shielding of the extra nuclear charge of copper is 
good at a distance comparable to the lattice 
distance. 

It is not surprising that in the brasses there 
are changes of the absorption edge with alloying” 
since the peculiarities of the copper-nickel series 
are absent. The brasses exist in several phases, 
there are considerable changes in the population 
of the 4s band from one end of the series to the 
other, and differences in the atomic fields of Cu 
and Zn must extend some distance from the 
atom because of the large radius of the 4s wave 
function. 

The nickel absorption edges in the nickel-zinc 
alloys show no changes, but this is at least partly 
due to the absence of measurements on alloys 
containing a large percentage of zinc. 

The failure to find a shift of the initial ab- 
sorption in the copper-nickel series is in agree- 


However, comparing the zinc absorption edge in an 
a-brass or in the zinc-nickel alloys with the edges of Cu 
or Ni, one sees differences in the shape of the curves as 
much as 15 or 20 ev from the initial absorption. 
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ment with some measurements of Bor, Hobson 
and Wood" on the optical constants of the same 
alloys. Pure Cu has an absorption maximum 
beginning at about 5900A and extending to 
shorter wave-lengths. Mott!® believes this ab- 
sorption is due to transitions of 3d electrons to 
the first empty states of the 4s band. If 4s elec- 
trons are shared with Ni, this absorption should 
shift to larger wave-lengths in the Cu-Ni alloys. 
Experimentally only a very slight shift is 
noticed, much less thar that predicted by the 
theory. 


III. ConcLusIon 


There now exist x-ray measurements of the 
band structures of the alloy systems Cu-Ni, 
Zn-Ni, Cu-Zn, Al-Cu, and Al-Ni, as well as a few 
other isolated alloys. References to the latter 
can be found in Skinner’s review article on soft 
x-ray spectroscopy in the 1938 ‘‘Reports on 
Progress in Physics.’’ The results indicate that in 
nearly all binary alloy systems the band electrons 
distribute themselves quite differently around 
the two constituents of the same alloy. Farineau" 
has reported identical emission lines from Al 
and Mg in Al.Mgs and in Als;Mge, but these 
appear to be the only such cases. As a rule there 
are great differences not only in the general 
appearance of the emission lines and absorption 
edges of the same alloy, but also in the energy 
breadth of the filled levels which one deduces 
for the two components from the widths of their 
emission lines. This latter is particularly well 
illustrated by the Al-Cu and AI-Ni series.* Pure 
Al has an emission band 11 or 12 ev wide, Cu 
about 8 or 9, and Ni 5 or 6 (these widths are not 
corrected for the lifetime of the excited state), 
and the bands maintain these same widths 
throughout the whole alloy series. The only 
evidence for a sharing of the higher energy elec- 
trons of Al with Cu or Ni is the reduction in the 
alloys of the intensity of the high frequency part 
of the Al line and a slight broadening of the Cu 
and Ni lines. There is, however, no shift of the 
high energy limit of the Al emission and there- 


18 J. Bor, A. Hobson and C. Wood, Phys. Soc. Proc. 
51, 942 (1939). 

'9N. F. Mott and H. Jones, Properties of Metals and 
Alloys (Oxford Press, 1935). 
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fore no evidence for a lowering of the absolute 
energy of the top of the Fermi distribution with 
alloying. This is the same kind of behavior as 
that exhibited by the zinc line in the brasses” 
which was there discussed from the viewpoint 
of the shielding of the zinc ion by the lattice 
electrons, leading to a much smaller residual 
positive charge about the zinc than would 
be the case with complete sharing and therefore 
a smaller than anticipated reduction in the 
intensity of the high frequency side of the line. 
The data seem to show that when metals of high 
and low valence are alloyed the charge density 
around the atoms of higher valency is decreased 
somewhat compared to what it would be in the 
pure metal, but that the energy of the highest 
filled states is decreased hardly at all.. These 
facts may be summarized by stating that the 
differences in the average internal potentials 
of two metals are at least as important as are 
differences in the kinetic energies at the top of 
the Fermi distribution in determining how their 
filled levels will adjust themselves when the two 
are alloyed. Ordinarily only the latter difference 
is considered, but the experimental results indi- 
cate that the smaller average potential of the 
higher valence metal of a binary alloy lowers the 
energy of the whole band about as fast as its 
extra valence electrons raise the kinetic energy 
of the highest filled levels. The total energy of 
the highest filled levels therefore does not change 
with alloying. Such an assumption explains not 
only the failure to find any shifts of absorption 
edges or emission lines, but also the existence of 
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emission lines with quite different widths from 
the two components of the same alloy. The elec. 
trons about the atom of higher valence have a 
wider distribution in energy because of the 
lower potential. The above discussion properly 
applies only to conduction electrons. Empty 
states in the 3d band in nickel may be favorable 
enough energetically to permit a considerable 
ionization of an element of higher valency, 
An actual lowering of the Fermi distribution was 
found in the Ni-Zn series although Farineay 
does not find it in the Ni-Al alloys. 

A second conclusion which is well substan. 
tiated by all the data is that the atomic 3¢ 
states of copper and nickel are broadened mainly 
by interaction with the 3d states of identical 
neighboring atoms and only slightly by inter. 
action with the states of unlike atoms. Both 
Farineau’s work and our own indicates that 
mere separation of like atoms produces apn 
appreciable narrowing of the 3d band. The nar- 
rowing seems to be independent of what alloy 
of copper or nickel is used. 

We are greatly indebted to Professor J. A. 
Bearden, under whose direction this work 
was carried out. It is a pleasure to acknowledge 
the assistance given by members of the Balti- 
more-Washington solid state seminar through 
discussion of these problems, and the financial 
assistance granted to Professor Bearden by the 
American Philosophical Society which has made 
the experimental measurements possible. We 
also wish to thank Dr. Mary Wheeler and Dr. 
B. Kurrelmeyer for the loan of their alloys. 
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The present analysis classifies 2725 lines and identifies 768 multiplets of the doublet, quartet, 
and sextet systems. The results are in complete agreement with Hund’s theory, and indicate 
that all the important features of the structure of the neutral atom are now known. The results 
agree closely with those of Catalan and Antunes (who classified 2076 lines) except where 
changes in term-designations have been made on account of Zeeman data or of a new interpre- 
tation of the convergence of the components of multiple terms to their limits. The principal 
ionization potential is 7.84 volts. Tables are given of terms, electron configurations, and of 3007 
lines, of which 91 percent are classified. Zeeman effects have been observed for 871 lines and g 
values derived for 270 levels. The large majority of these have nearly the theoretical values for 
LS coupling. There are some cases of g sharing (Table VII). The wave-length list includes 
measures of 1282 lines made with the interferometer by Dr. Keivin Burns of the Allegheny 
Observatory, which, by his generosity, are here published for the first time; and also 274 newly 
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measured lines between \2230 and A1814. 





1. Previous INVESTIGATIONS 


HE first regularities in the arc spectrum of 
cobalt were detected by Walters' who 
identified the lowest terms of the quartet system. 
Catalan? in 1928 classified about 1200 lines. A 
thorough discussion, classifying 2076 lines, was 
published in 1936 by Catalan and Antunes.* 
This publication is unfortunately difficult of 
access in this country, and the situation is 
aggravated by the fact (communicated to us by 
Dr. Antunes) that the reprints which the authors 
hoped to distribute were lost in Toledo at the 
beginning of the Spanish War. We are very 
greatly indebted to Dr. Antunes for the loan of 
the single copy of this work in his possession 
—of which we have retained a photostatic copy. 
The present work was begun without knowl- 
edge that this investigation was in progress, and 
has been extended farther with the aid of ob- 
servations in the infra-red and ultraviolet. In 
view of the inaccessibility of the results of the 
earlier analysis, a detailed presentation of ours 
appears to be in order. 
Observations of the Zeeman effect for 151 
lines were given by Roth and Bartunek* who 


ase Walters, Jr., J. Washington Acad. Sci. 14, 407 
*M. A. Catalan, Zeits. f. Physik 47, 89 (1928). 
*M. A. Catalan and M. T. Antunes, Anal. Soc. Espafiola 
de Fisica y Quimica 34, 103-145, 207-297 (1936). 
11938) L. Roth and P. F. Bartunek, Phys. Rev. 47, 526 


found g values for 93 levels. Our observations 
include 871 lines, and give g values for 270 
levels. 

Marvin® has made a theoretical discussion of 
the energy-levels in the deep configurations of 
Co I. We have found certain additional terms 
close to the positions predicted by him. 


2. THE OBSERVATIONAL DATA ON WHICH 
THE PRESENT INVESTIGATION Is BASED 


(a) The wave-lengths have been compiled 
from all available sources (listed in Table VIII). 
We are very greatly indebted to Dr. Keivin 
Burns for putting at our disposal a long list of 
unpublished determinations with the _ inter- 
ferometer. With his generous consent, these are 
printed here for the first time. Dr. Burns states 
that these observations are good to two parts 
per million. They are distinguished by heavy 
type in the general list (Table VIII). Next in 
preference, in order of accuracy, come the 
measures of Meggers and Kiess in the infra-red, 
including unpublished data kindly put at our 
disposal ; those given in the Wavelength Table of 
the Massachusetts Institute of Technology; and 
unpublished measures of grating spectra by 
Burns. The observations have been extended from 
2230 to 41814 by measures made by one of us 
(C.E.M.) on a plate taken by Dr. A. G. Shen- 


*H. H. Marvin, Phys. Rev. 47, 521 (1935). 
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stone with a normal-incidence vacuum spectro- 
graph having a 2-meter glass grating ruled 
30,000 lines per inch. The dispersion is 4.2A/mm.°® 
Few standard lines were available, and the 
measures are not of high precision. 

King’s temperature classification’? has been, 
as always, of fundamental value in the analysis. 

(b) The observations of Zeeman effect were 
made by one of us (R.B.K.) but include some 
plates and measures made earlier by A. S. King. 
They were obtained with the aid of the Weiss 
magnet and the 15-foot concave grating spectro- 
graph of the Mt. Wilson laboratory. The field 
strength was slightly in excess of 30,000 gauss. 
The spectrum was photographed in the second 
order (dispersion 1.86A/mm) from A2200 to 
45000, and in the first order from 5000 to 
47000. 

Measurements of the Zeeman patterns were 
made with an ordinary comparator. Most of the 
complex patterns were unresolved, the ” com- 
ponents usually appearing as doublets with the 


TABLE I. Observed and predicted low levels in Co I. 








PRINCIPAL 











CONFIG. TERM LEVEL INTERVALS 
3d745? a‘F 0 816, 591, 402 
0 808, 594, 406 
b'P 15,184 590, 422 
14,955 250, 385 
a’G 16,468 766 
16,051 787 
bP 20,500 715 
20,878 787 
eH 21,780 695 
20,992 703 
b?D 21,920 1232 
22,962 . 1168 
°F 35,798 — 320 
2D 56,272 —352 
3d*45 b'F 3483 660, 548, 386 
3483 662, 538, 396 
a’F 7442 1018 
7629 1050 
a‘P 13,795 241, 363 
13,857 498, 243 
a*D 16,778 — 307 
16,799 — 359 
a’P 18,389 385 
18,194 221 
BG 23,184 23 
21,294 4 
2S 47,421 
3d® cD 27,497 973 








6 A. G. Shenstone, Phil. Trans. 237, 453 (4938). 
7A. S. King, Astrophys. J. 42, 347 (1915), 51, 179 (1920) 
Mt. Wilson Contr. Nos. 108 and 181. 


components widened in some degree, while the 
p components were either undisplaced, though 
broadened, or appeared as doublets. Measure. 
ments of displacements on complex patterns 
appearing as doublets were usually made on the 
centers of gravity of each component of the 
doublet. In some cases, however, the patterns 
were on the verge of resolution and were strongly 
shaded inward or outward making it difficult 
to locate the center of gravity. Then settings 
were made on the strong edges of the pattern. 
These should give, very nearly, the separations 
of the strongest components of the complex 
patterns. In many cases one component of a 
doublet pattern, or one side of a resolved pattern, 
was badly blended with a neighboring line, [Ip 
these cases the displacement was measured 
between the unblended component or com. 
ponents and the no-field line appearing in the 
adjacent spectra. 

The reduction of the observed Zeeman sepa- 
rations in angstrom units to the theoretical unit 
of the normal Zeeman triplet was done in the 
usual manner. The field strengths were deter- 
mined from measurements of the patterns of the 
sodium D lines and of numerous normal resolved 
patterns of previously classified Co I lines. 


3. RESULTS OF PRESENT ANALYSES 


The results of the present analysis agree in 
general with those of Catalan and Antunes, 
except among the high levels—both odd and 
even—where many changes in designation have 
been made, based largely upon Zeeman data not 
previously available. The number of terms 
identified is 99—47 belonging to the doublet 
system, 43 quartets, and 9 sextets—including 
284 energy-levels. There are 43 more levels which 
have not been grouped into terms—a total of 327 
levels, of which 132 are even and 195 odd. 

Combinations between these account for 2725 
lines—including 69 which are unresolved blends 
of ines which should be roughly comparable in 
intensity. There are also 42 faint predicted lines 
which are masked by strong ones. These are 
grouped into 768 multiplets, and 204 com- 
binations with miscellaneous levels, observed in 
whole or in part. Of these 186 are doublet com- 
binations, 197 quartets, 18 sextets, 288 doublet- 
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TABLE II. Electron configurations in Co I.* 
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*A colon denotes that the assignment of the electron configuration is doubtful. 


quartet, and 66 quartet-sextet intercombinations 
(while 13 are double intercombinations, between 


doublets and sextets). 

The terms and unclassified levels are listed in 
Table IV. Some of the higher ones are incom- 
plete—the components of small J value having 
eluded search. 


4, ELECTRON CONFIGURATIONS 


The electron-configurations for the low even 
terms can be assigned with certainty. Marvin’s 
theoretical study is conclusive,—especially his 
prediction of the terms a*H/ and 0°G close to the 
positions in which they were later found by 
Catalan and Antunes and by us, as shown in 
Table I, where the third column gives the level 
of the leading component and the next the 
term intervals—the observed values being in 
Roman type and the calculated in italics. 

Marvin assigns b°D to 3d*; but it fits his 
prediction for 3d74s? satisfactorily, and the 
recently discovered c*D falls naturally in the 
other place. 

The three remaining terms from the ‘“‘low”’ 
configurations all lie so high that there is little 
or no hope of finding their combinations. 


The odd configurations 3d’4s4p and 3d*4p 
give a great number of terms, forming triads, 
each of which should have its terms roughly at 
the same level and combine strongly with the 
related even low term. Many of these triads can 
be identified with certainty. Among the terms 
of small L value, especially in the doublets, 
there is a good deal of mutual perturbation and 
sharing of relationships, which make assignment 
difficult. 

Among the high even terms, which are also 
included in the table, the “‘families’’ having the 
same limit-term in Co II are usually clearly 
separated, and assignments are rarely doubtful. 


TABLE III. Jonization potential of Co 1. 








FINAL 
‘Fa Fa n* 


63,838 | 1.281 
63,493 | 2.276 
63,450 | 2.382 
63,593 | 2.901 
63,193 | 1.223 
63,651 | 2.316 
63,696 | 1.352 
63,535 | 1.387 
63,520 | 2.421 
63,336 | 2.433 
63,709 | 2.978 
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TABLE IV. Co I terms. 
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Conris. Term Oss.g C.anpA. Conria. Term Oss.g C.anpA. Conris. Term Oss.g C.anpA 
as aPy 18,380.57 «1.33 Id @a(SF\5s  f'Fy «47,524.47 1.38 Id @OP)4p: YO 47,977.94 2.05 ~ 
a*Py 18,775.01 0.69 Id S*Fa ~—- 48,201.60 1,27 Id 
SP 48,718.57 1.04 Id @s@P)4p: 228% 48,026.34 1.70 w2 Py 
ds BP §=-:20,500.71 =: 1.29 Id FFy = 49,078.43 (0.36 Id w3S% = 48,837.72 1.50: Dy 
BP, =: 21,215.90 =: 0.68 Id 
@(3F)4d Fa ‘51,170.14 1.34 Id @'D)4p 2P%y 43,537.71 1.19 ¥Py 
@OP4d Py 51,200.60 1.38: Py Fy 51,199.58 1.16 Id 2P% 43,130.24 O71 Id 
eP, 52,041.14: 0.48: Py oF, 52,070.00 1.08 Id 
oF y 702.76 0.76: eG @s@P)4p: yP% 46,685.43 1.33 wy 
d*s aD =: 16,778.16 1,28 Id ¥YP% 47,091.14 0.63 wt Dy 
@Dy —«-16,470.60 1,09 Id @s@P)is hPa 52,864.41 1.26 Id 
Fy 694.57 1.28: Id @EOP)4p: 22P%y 48,334.37 1.39 ut Poy 
d's b2Dey = 21,920.09 = 1.24 Id WFoy =—-54,258.75 0.98: Id zP% «48,160.43: 1.20 
Dy —-23, 152.57 0.79 Id WPy = 54,426.64 Id 
; @s@P)4p: w*Py 49,025.42 0.94 54h, 
a Dy 27,497.06 —-1.20 @3(SF)4d =F 53,788.78 = 1.27 &Dy wP = 49,754.73 1.24 
Dy 2847051 0.82 iP 54,477.07 fPy 
“Fy = 54,904.99 0.85 fF 2P%, 50,925.11 1.32 109% 
BOP )4d @&Dy 52,460.10 0.92 Id “Py eP% 50,945.47 0.74 t 
@Dy 53,343.27 — 0.80 Id 
@OF4d Gy 51,203.75 1.21 Id @eCF)4p 2D 33,462.83 1.20 Ig 
ds ay 7442.41 1.16 Id 464 51,267.93 = 1.13 Id 2D% 34,352.42 0.82 Id 
a2F oy 8460.81 0.86 Id Gy 52,162.02 1.13 Id 
eG 52,77230 0.74 8=g Fy ®CF)4p yD 36,092.44 119 Iq 
BCP)5s Fy 45,924. 1.14 Id YD 36,875.13 O81 Id 
Fy 46,746.00 049: = Id GaP 4d  fGy 53,511.83 1.32 f*y 
PGy 54,158.17 1.25: Py @UD)4p 22D 43,921.89 123 Id 
@OP)4d fy 52,095.00 1.11 Id Gy = “54,514.67 1.23: Py 2D 4391136 113 Id 
fF = 52,970.62 1.18 Id SG 55, 165.63: SFy 
@OP)4p: wD, 45,688.15 1.19 yPry 
@sCF)5e «Fy «52,763.68 0.93 eG a@(3F )4d Hy 51,142.53 1.21 Id wD, 46,454.95 0.85 eDy 
@Fx 53,704.14 0.98 Id Hy 51,174.28 1.13 Id 
Hy 52,121.21 0.96 Id @s(@P)4p: 8D % 46,671.94 1.21 rtPoy 
ds? oGy 14,467.99 L 11 M4 @Hy 52,716.70 0.93 - Id Py 46,186.41 1.18 = wtDy 
a ,233. 90 
~~ @s(F 4d fy 53,618.08 122 Hy wD 53,195.98 116 + 
ds BG4 = - 23,184.23 1. 11 ftHy 54,315.67 1.18 8 8=6eHy wD 4 53,074.92 0.81 
Gy —-23,207.76 = 0.87 ftHy 54,860.93 1.10: j*Fy 
ftHy 55,268.75 Hy @s@F)4p Fy 31,871.15 118 Id 
dS(3P 4d Gy 52,156.46 1.12 Id 2F%, 32,781.71 0.88 Id 
Gy 52,856.68 0.92 @Fy gH 57,922.06 
7H 58,441.03 @(3F)4p YF 35,450.56 1,12 Id 
ds? aH 21,780.47 —«1.09 Id Hy 58,673.73 YF 36,329.86 0.96: Id 
@Hy 22,475.36 0.94 Id @Hy 59,314.82 
@s(3G)4p: . 22°F’ 43,555.22 1.24 —w*Pey 
@OP)4d Hy 52,113.91 = 1.13 Id @a(*F)4d Py 53,789.12 1.81 2% 43,425.71 1.02) uty 
@Hy 52,77547 ~—- 0.97 Id Py 54,445.61 1.67 f*Dy 
: @Py 54,949.97 1.44: Id @'D)4p: wy 47,225.11 125 w 
ds a*P3, =:13,795.52 1.64 Id wF%, 47,128.96 = 0.83 tty 
aPy =—-14,036.28 1.72 Id @s(F)4d Dy 53,725.20 144 8 86G 
aPy 14,399.28 2.66 Id Dy 54,352.30 1.48 Id F% 48,317.17 118 = wtDYy 
Dy = 54,946.90 1.47: Id eP%, 48,615.56: (Dy 
dg? bP §=—-:15, 184.04 1.50 Id @Dy 55,407.10 2.14 
Py = 15,774.04 =—:1.47 Id eDy BUG) 4p wy 50,578.73 = 1.15 
Py 16,195.68 2.68 Id uP, 50,712.45 0.91 t 
@sF)5s Fy = 45,676.00 =: 1.48 Id 
@(3P 4d P34 =—-51,042.26 1.59 Id Fa 46,223.01 1,43 Id CP% $51,896.75: 1.15: 
Py 52,033.26 «1400 Py Fy 46,706.83 1.40 Id P% 52,796.13 0.92: st 
Py 52,915.92: ePy Fy 47,090. 1.32 Id 
@Fy 47,364.73 —-1.09 Id #F% 53,103.78 1.16 t 
d's(8P)4d tea 53,936.68 1.46 S*Fa oF, 47,528.44 —0.71 Id #F% §3,146.91: 
ppp ds(5F)4d fey 53,660.37 = 1.44 31s5* @s@F)4p 26% 31,699.69 L111 Id 
S*Fa 54,35645 136 Gy 24 =. 32,733.07 ~~: 0.91 Id 
@CP)5e = g*Pay 56,545.51: 422° S*Fy 896.57 1.27 Gy 
gPy S*Py 283.02 1.17 Cy @CF)4p yG% 33,439.72 1.16 Id 
Py tri 55,577.28: 1.07 sD, YG 34,133.59 095 Id 
@(3P)4d ¢Dy ‘51,052.98 1.45 Id ’ MsG)4p 2°% 46,032.10 1,12 Hy 
Dy 51,560.76 =—-:1.18 Id @s(5F)4d = Gey §=—-53,728.36: 1.35 33° 20% 45,766.63 0.93 
Dy 52,264.49: Id G4 54,36743 132 fGy 
@Dy =: 52,634.62 ~—1.58: Id G4, 54,682.91 1.23 J @s3H)4p: wG%q 50,593.38 1.10 101% 
Gy «= 54,989.62: 1.23 fy wy «50,611.22 0.82 
@s(F)4d = ftDy 53,702.13 1.39 ePy Gy 55,449.97 1.25 s*Dy 
Sf*Dy == 54,282.73: “Fy | Gy 55,389.73 Id @'G)4p P6% 53,276.02 1.03 10% 
SD PG% 53,373.53 0.86 
Dy ds(6F)4d eH 53,822.08 1.34 
Hy 54,452.38 1.29 stHe @s0G)4p £H%% 45,540.28 1.12 Id 
Te aPy 0.00 §=1.32 Id Hy 54,947.68 1.22 ftHy 2H% 45,111.48 0.90 
ary 816.00 1.27 Id Hy 55,312.96 ftHy 
ay 1406.84 1.05 Id @Hy 55,520.64 0% fiGy @s@H)4p: yH4 50,375.91 —1.08: 
atPy 1809.33 0.42 Id Hy 55,555.34 ¥YH% 50,210.80 0.91 
ds Py 3482.82 1.34 Id lay 54,561.74 1.36: Pa @®G)4p: 22H% 50,703.08 1.08 
UPy 4142.66 1.25 Id 24 55,078.76 1.46: f*Py 2H 50,902.61 0.98 
bP oq 4690.18 1.04 Id Say 55,223.14 1.14 f*Dy 
Py 5075.83 0.40 Id $4 ey haa @s(*P)4p 29% 40,621.62 2.03 Id 
, ’ bg 1 
@(P)5s oe ons = y 6g! . 55,826.81 IPy @CP)4p yy 46,562.87 1.25 Py 
Fn 45,876.58 1.01 Id @s@P)4p: 259% 44,454.51 2.10 Py @s@P)4p 2494 48,753.72 1.75 tDy 
46,375.17 0.44 Id 















* Level rejected by Catalan and Antunes. 


t Level regarded as doubtful by C. and A. and not given designation. 
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TABLE IV.—Concluded. 
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Conria. Term Oss.g C.annA Conric Ter Oss.g C.anpA Conrie. Term Oss.g C.anpA. 
meee 
n 41,968.89 1.63 Id @s°F 4p AP 28,345.86 = 1.35 Id PF Ap 23,611.78 1.46 Id 
acre ope fies 673d Py 2877727 «124 = Id ' rq ase 614d 
2P% = 41,969.90 2.51 Id | F% © 29,216.37 1.08 Id oP «24,326.11 1.40 Id 
Py, 29,563.17 0.42 Id oF, 24,733.28 1.33 Id 
ecPip = vPy 44,480.14 = 1.55 Wty oP% 25,041.16 1.10 Id 
YP 44,658.03 1.62 22, | MCF4p Py 32,841.99 1.32 Id oP 25,232.79 —0.61 Id 
yP% «44,857.57 244 ASC FP 33,466.87 1.16 Id 
WF, 33,945.00 0.95 Id @e*F4p 26% 25,138.88 1.40 Id 
gaCP4p Py (46,002.83 1.54 wy yP%y 34,196.21 0.47 Id 0% 25,568.68 1.34 Id 
Py 45,904.68 1.68 Pry 0% 25,937.59 1.29 Id 
oPy «645,957.29 248) oy" Py @s@F)4p Py 4122576 = 1.35 Id 20% 26,232.05 = 1.15 Id 
mF «641,918.41 1.24 Id 2% 26,450.02 0.88 Id 
@a@D dp: w*Py 51,160.03 1.51: 852 x*P%, =—42,434.23 1.04 Id 20% 26,597.64 —0.01 Id 
wP), 52,014.45 = 1.68 t mP% 42,796.67 0.44 Id 
wP% 52,355.12 2.40 t Im 41,08143 1.40 
@s°G)4p wih 43,295.32 1.32 t M4 41,104.96 1.34: 
GCF 4p = Dy (29,204.52 1.43 Id wi, 43,847.98 1.20 «Fh 34 42,988.12 
“ 29,948.76 1.35 Id wy = 44,201.92 0.95 =F 44 43,969.90 
4D, 30,443.63 = 1.18 Id wP, 44,555.71 0.44 3 wtPy 5 44,381.32: 
“1D, 30,742.65 —0.01 Id 64? 47,839.15 
P%, — 54,791.2 74 48,828.87 
@CF)4p yD 32,027.50 = 1.41 Id eP%, 55,314.04: 84 48,851.58: 
yD, 32,654.50 1.39 Id rP%, 5 5,684.7 %aj.44 49,197.74: 
yD 33,150.68 1.20 Id FP, 55,622.84 10% 49,484.05 1.25: 11% 
Dy 33,449.18 0.01 Id ; 11% 49,847.08 1.09 
@s°F)Ap = G%, 28,845.22 1.27 Id 1% 50,105.05 0.70: 84 
deCP4p =D «39,649.16 = 1.41 Id 0% 29,269.73 1.19 Id 13%4,« 50,738.20 
2D% 40,345.95 1.35 Id 2% 29,735.18 1.01 Id 1 50,806.55 
xD, 40,827.77 1.24 Id 0% 30,102.96 0.58 Id 15% 51,184.63 
Dy 41,101.80 —0.03 Id 16%, 51,863.18 
@CF)4p G4 32,430.59 1.28 Id 174 51,989.31: 
GeeP)Ap wD 43,308.62 1.33 Foy vG% © 32,464.73 1.17 Id 18 52,476.64 
wD, 43,242.95 ° 1.17) APMy yG% 33,173.36 1.08 Id 1% 52,498.17 
wD, 43,268.57 «1.16 AP Oy yG% 33,674.38 0.72 Id 20%4,25 52,526.04 
wD, 43,435.58 0.14 yP% 21% «4 53,065.96: 
| @s@F)4p 26% 41,528.53 = 1.31 Id 22% = 53,463.10 
@CPp = oD 45,971.19 1.42 wt Dy 24% = 42,260.32 1.18 Id 294 54,165.35 1.36 
DM 46,329.63 1.36 wt Dy G% 4281144 0.98 Id 24% 54,398.60 
D4, 46,260.02 1.48 Poy ry, 43,199.65 0.83 Id 25% 54,874.08 
eDy 46,502.15 0.16 8 2'Py 26% 54,932.32 
@s°G)4p wiGy 43,952.06: 274 55,061.49 1.66: 
wD 46,872.74 130 Dy wi, 44,183.34 118 Ay 28% 55,120.30: 
wD 47,393.93 1.28 = et Dy wy 44,304.47 1.00 wy 29%, 55,387.11: 
wD 47,612.18 1.12 Dy wi, 44,568.47 0.70 30% 55,508.78 
wD = 47,905.26 0.01 = et Dy 31% 55,737.87 
| @a(F4p D% 24,627.79 1.57 Id 3% «55,818.91 1.31: 
GeQPAp Dy 48,217.32 119 wD iy 25,260.25 1.56 Id 394,25 55,922.3 
#0 48,443.76 «1.34 «wy re 25,739.93 1.66 Id 344,09 56,101.84: 
Dy, 48,546.07 1.05 wry 2D «26,063.11 1.88 Id 35%4,25 56,222.04: 
D4 48,571.77 0.36: = wt Dy 2D% 26,250.49 3.37 Id 36%j,44 58,187.39 
37%2j,33 59,388.89 
@@D)4p: D4 50,741.66 Id | 
4D 51,139.38 133; Id | 
Dy 51,847.27 Id 
D4 = 52,264.01: 














Table II shows the assignments finally 
adopted. Terms predicted by theory but not 
found are denoted by the absence of small 
letters. Most of these terms are either very high, 
or would combine feebly, if at all, with the low 
level (e.g. the ®S*, *P*, *D°, 4H). The most 
notable missing terms are the two 7J° terms, 
which are probably represented by observed 
lines with no satellites to identify them (§9). Most 
of the unassigned terms are odd, and all but two 
lie between 50,000 and 55,000 where the lower 
terms of the 5p configurations should be expected. 


5. Series Limits 


The convergence of the components of the 
terms of Col to the components of the limit 
terms in Coll is of interest. Catalan and 





Antunes have shown® that, among the terms 
which have d**F as limit, the quartet and 
doublet components of lowest J go to *F2, those 
of next higher J to *F;, leaving two high J 
quartet components for *F,. This “inverted” 
convergence was found by one of us® for the 
limit d® 2D in Ni II. In Ni I, inverted convergence 
appears also in the terms having d*s *F as limit, 
though that to d*s ‘F is normal, but in Co I the 
convergence to d’s *F is ‘‘normal.’’ The combina- 
tions of all four components of h*F with x‘G are 
much stronger than those of g?F, and the reverse 
is true for 2°F*, 22G°; hence the doublet and 
quartet levels are correctly identified. But 
h' Fy, g?F 3, are close together; also h*Fs,, g?F2;, 


® Reference 3, pp: 132-134. 
*H. N. Russell, 


Phys. Rev. 34, 821 (1929). 















412 RUSSELL, KING AND MOORE 





and A‘ Fy, h*F\,. This suggests strongly that the used. The error of the estimated term value jg 
convergence to d’s °F should be normal. Catalan proportional to An*/n** so that the low terms = 
and Antunes concluded that it is inverted, and _ give poor determinations. Adding this to the 
found it difficult to distinguish the sextets and level of Co I, and subtracting the height of the 
quartets in this pentad by means of the line- limiting level in Co II above the ground-level, 
intensities. Working on the assumption of we obtain the level of *F, above *F4,. The mean 
normal arrangement, we have been able to for the terms for which n*>2 is 63,536 corre. 
arrange the levels into a pentad of terms which sponding to an ionization potential of 7.84 volts 
combine much more strongly with 2°D°, 2°F°*, with an estimated probable error of +0.02. The 
2°G° than with any quartet, and another pentad _ values of n* corresponding to this limit are given 
which combine more strongly with the quartets in the last column. The agreement with the 
than the sextets. The ten leading components estimated values is very close. Catalan and 
of these terms all lie between 53,511 and 53,936, Antunes, by the same method, find 63,339, (7,9 
the second components between 54,158 and _ volts). They prefer the value 63,312 obtained 
54,477, and so on. from their 6s term by a Hicks formula. The level 
In consequence of this reinterpretation of the ‘Ps, if in series with b*P.;, should give An* about 
situation, our values for the leading components 1.10. This would place the limit at 75,000 above 
of the sextet pentad, e®P, e®D, f*F, e°G, e°H ‘4Fy, or 11,500 above *F, of Co II. The stil 
differ from those of the previous authors. Two undiscovered term d**P should lie at about this 
of them were rejected as not real levels by them, _ level. 
and two not given at all; yet all are determined 
by good combinations except e*H;, which gives a 
single very strong line with the right Zeeman Table IV gives the term values which have 
pattern. The components of small Z and J in been finally adopted. These were obtained by 
this pentad give faint lines, and some of them the usual process of convergent approximation, 
could not be identified. A level of 54,282 which finding mean values for the odd terms from their 
we have placed in this pentad as f‘D. is clas- combinations with the low even ones, etc. In 
sified by Catalan and Antunes as d*(*F)6s‘*F3;.__ taking these means, values derived from Burns’ 
It gives no combinations with levels having interferometer measures were given triple weight, 
J=4}. If their interpretation is correct it seems and discordant combinations with deviations of 
to us very improbable that the ‘F4; component, 0.1 cm-! or more were disregarded if better data 
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for which they searched in vain, should be were available. A colon denotes that the term fn 
missing, as, especially in high series members, it value is determined with inferior accuracy, but io 
should give stronger lines. not that the reality of the level itself is doubted. 86 
The term v‘F® is doubtful. It gives a good 88 
6. IONIZATION POTENTIAL multiplet with b‘F, but its combinations with ae 
. : , a‘F ar nes in , and w igi 57 
The available series consist of. only two baie mar Haws Sn Che ae, ane wove aoa a7 
; attributed to Co II. 578 
members (4s and 5s). The best way to determine : : , 571 
lie ‘ie 2 The term designations given by Catalan and 571 
the ionization potential is that developed by . ; sail 568 
na , Antunes are listed in the last column, “Id 56s 

Catalan and Antunes” and independently by : ; ; ; 
“ are meaning that they are identical with ours, anda 564 
Meggers and Russell''— estimating the Rydberg R an 363 
. , , : : ‘ blank that the level does not appear in their list. 563 
denominators n* by comparison with neighboring ‘ : " ; 561 
; . The numerous differences in assignment arise 559 
elements. Reliable values of m* are known for ciiieiity es call nites: caine teen ts si 
Mn, Ni, Cu and Zn, so that those for Co can be ty Pom d ae 5 
s . . . availability of Zeeman data; among the high 554 
interpolated with security. Table III gives the . - 552 
" even terms, from our reinterpretation of the 552 
results. Only the components of largest J in the ~~ tr 551 
; convergence to the d’s limits (§5). Three levels 548 
terms, and of greatest L in the pentads, need be “ : a8 
Beant nanss Sas which they rejected as not real are restored to ue 


10 Reference 3, pp. 139-140. : . : . 
 W. F. Meggers and H. N. Russell, J. Research Nat. OUT list, and also nine which they regarded as 


Bur. Stand. 17, 190 (1936); (RP 906). doubtful. Thirty-three energy levels for which 
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TABLE V. Zeeman patterns of Co I. 


ARC SPECTRUM OF COBALT 


























(0.56)0.99 


CALCULATED 


(0.39)0.95 
(0.04) 1.12 
(0.74) 1.28 


(0)1.18 


—— 
ZeemAN Errect Zeeman Errect Zeeman Errnct 
" OpsERVED CALCULATED » OssERVED CALCULATED aN OpsERVED 
ga72.32 (LL 1.37135 (1.34)1.34 5477.08 (-)1.08 (0)1.078 4904.17 — (-)0.89: 
gg14.95 (0.43) 1.34 (0.41)1.32 5470.46 —(-)0.92 (0)0.94 4899.52  (0.46)0.85: 
@771.04 (0.36) 1.43 (0.33)1.42 5469.30 _ (0.72)1.59: (0.66) 1.35 4886.99  (-)1.06 
6632.43 (-)1.09 (0)1.10 5454.57  (-)1.33 (0.07) 1.33 4882.70  (0.77)1.13 
6595. (-)0.91 (0)0.868 5452.30 (-)0.57 (0)0.548 4881.31 )0.93 
g50183 — (-)0.96 (0)0.988 5444. (-)1.04 (0)0.96 4867.87  (-)1.19A? 
6563. (-)1.10 (0)1.11 5437.00 (-)0. )0.84 4855.59  (7)0.59 
. (-)0.94 ; . 84: (0.79)0.90 4849.31 —(7)0.97 
; ' ; r .67? )0. ; 7 
j “ ; 5408.11  (0.68:)? (0.73) 1.07 
, r 5407.52 (7) 1.48 (0.20, 0. él, 1 02) (1.71)0.56 
6450.23 (1.16 (0.03)0.90 4813.47 (-)1.06A? 
6431.07 (21.08 (0)1.02 5402.00 (0.41)0.68: ©. 16. o , . 
6430.34 (-)1.10? (0)1.12 5399.76  (-)0.94 (0.07)0.94 4795.85  (0.86:)1.00: 
91 (-)0.90 (0)0.92 5393.72  (-) 1.83: (0)1.52 4792.85  (-)0.93A? 
6421.70 (-)0.85 (0)0.80s 5300.47 — (-)1.35 (0)1.40 4785.07 (0.71)? 
g417.82 (0.78 (0)0.85 5381.77 (-)L.11 (0) 1.148 4781.43 (0.81)1.36 
6395.15  (-)0.61 (0)0.55 5381.10  (0.68?:)? (0.91)1.14 4779.97 (-)0.71 
6351.44 (20.97? (0.26) 1.02 5369.59 (~-)0.871 (0)0.898 4778.23 (-)0.93 
6347. (-)1.15 (0.12)1.14 5368.90 (-)0.93 (0)0.918 4776.31  (0.36)0.36 
6340. (-)1.15 (0)1.23 5366.74 (2) 1.01: (0.15)1.14 4771.10 (-)1.24 
6320.41 (-)1.05 (0) 1.14 5364.81 (1.35) (1.15)0.77 4768.07 £0.98 
; ; (0.08, 0.25, oan 5362.78 (-)1.15 (0)1.048 4767.14 (-)0.82 


(-)1.15? 
(-)0.86 


(0)1.16 


(0.74)0.44, 1.92 
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0.68, 148, 2.28 
(0.74)1.49 
(0.47)1.48 
(1.30)0.58, 3.18 
(0.22)0.93 
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(0)0.95 
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x OssERvVED CALCULATED > OpsERvVED CALCULATED x OssEervep 
4287.38  (-)1.16 (0.38) 1.18 3804.07 (-)1.02 (0)1.06 3638.34  (-)0.98 
4285.78  (0.77)1.15 (0.708) 1.19 3892.11  (-)1.23 (0.15) 1.24 3637.31 (0.40)? 
4276.10  (-)0.95 (0)0.98s 3885.27 (oab1.13 (0.38) 1.10 3636.71  (0.42)1.34 
4268.03 (-)0.60 (0)0.68 3884.60 (0.22, 0.67)1.51? (0.21, 0.60) 3634.71  (-)0.86 
4252.30 (0.69)1.34 (0,38). 33 mt 038. 45 3633.34  (0.57)1.18? 
4207.61 (?)1.14 (0.13)1.10 3881.86 gril ()o g35 3632.83  (-)1.14 
4190.71  (0.53)1.47 (0.63)1.40 3878.75  (-)2.53 0 rH 0 3631.94 (020)1.10 
4187.24 (-)1.55 { (0.5) 4 3876.83  (0.49)1.22, 2.38:? { Rashi os, 2.20 sesrae ae 
4179.22  (-)0.94 0)0.92 3873.95  (-)1.14 (0)1.12 3624.33  (0.47)1.31? 
4170.88  (-)1.09 (0)1.088 3873.12  (-)1.24 (0)1.18 3620.42 (-)1.850, BY 
a a a a a 
4150.42 (-)1.42 (0)1.49 3850.09  (?, 1.74) 1.84? 3615.38 — (-)0.55i, A 
4130.45 (-, 1.41)1.56: (0.47, 1.41) 3845.46 (-31.28 (0)1.16 3611.70  (-)0.92 

0.62) 1.56, 2.50 3843.69  (-)0.49? (0)0.56 3609.75 (-)1.21 
4122.27 (1.08 (0)1.02 3842.04  (-)1.08 (0)1.06s 3605.37 (0.18)1.20 
4121.31 (1.08 (0)1.02 3841.45  (-)L.14 (0)1.16 3605.01  (-)0.80 
4118.77 (-)0.95 (0)0.97 3835.90  (-)1.27 (0.06)1.27 3604.46 (10.95 
4110.53 (0.88 (0.04)0.87 3823.52  (?)1.190, B? 3602.07  (-)0.40 
4104.74 (-)0.75? (0.01)0.70 3819.90 (-)1.21 (0)1.15 3600.80  (0.58)1.41? 
4104.41 (0.28)1.19 (0.21)1.16 3817.94  (-)1.30 (0.06) 1.31 
4092.84 (0.33)? (0:32)0.29, 2.36 3816.87  (-)1.02? (090.75 3506.51  (-)1.25 
4002.38  (-)1.18 (0.06)1.17 3816.45  (-)1.65? (0)1.7 sseus? | (LO 
4086.30  (-)1.31 (0)1.30 3816.31  (0.51)1.00, -? (0. sa0. 95, 2.00 ; : 
4082.59  (-)0.44 (0.03)0.41 3814.45 — (0.34)1. (0.36) 1.60 3501.74 (0.191.835 
4081.44 (-)L.11? 0)0.99 3813.92  (-)1.09 (0.03) 1.24 3587.18 (20.95 
4077.40  (0.40:)1.30 (0.33)1.30 3812.47 (0.34) 1.58? (0.31)1.72, 2.35 3586.08 10.94 
wan (Beiac | eihn | Re ae” a | RE Gen 

A 1.048 . ls 448) 1. 

4066.36 { (0,799)!-26C 74g) 1-28 3797.44 (0.92)0.76 (0.91)0.77 3585.15  (0.46)1.34C 
4058.60  (0.72)0.58, 1.88: ‘(0.72)0.52, 196 3795.85 (0.42?) 1.61? (0.44)1 3581.87 (0.3590. 927, 1.672 
4058.18  (-)1.24 (0.03) 1.24 3783.73 (70.43? (0.98)1.06 3579.02  (-)1.52 
4057.19 (0.25, 0.74)1.45: (0.83, 0.69)0.19, 3777.54  (0.46)1.27 (0.288) 1.23 3578.90  (-)1.24 

0.865, 1.11, 1.57 3774.59 (-)1.34 (0)1.37 3569.37  (-)1.23 
4056.97 (-)1.37 0)1.39 3760.40 —(0.42)1.98. (0.44) 1.88 3564.94  (-)0.77 
4053.91 (0.38)0.47 (0.28)0.42 3755.44 (-)1.40 (0)1.39 3564.11  (-)0.86 
4052.91 (-)1.20 (0.23)1.30 3754.34 (0.22, 0.71)? oat 0.60), 3562.09 (0.66)0.6 

440 J Vo, te 

4045.38 = (-)1°340/ B? (o 1.249 3752.78 (-)0.55 (0)0.60 3560.89 (0.40, 1.21) 
4035.54  (-)1.10? (0)1.08 3751.62 (0.39)1.17 (0.57) 1.15 0.00, 0.78, 1.59 
4027.03 (-)1.33 (0)1.28 3749.93 (0.18)1.31o (0.19)0.90, 1.28 eas? | snes 
4023.39 (0.83) (0.79)1.75 pase (0 820) o1¢ (0.738) 94 
4020. (-)1.33 (0.04) 1.34 0 (0.629)! 3552.98 (0.511.341 
4013.94 — (1.34)1.33 (1.36)1.32 3740.18 (0.83, 0.66) (0.13, 0.39) 3552.72 (0.47) 
4010.93 (2)0.87? 0.44) 1.32 0.44...1. 3550.59 (0.34. 0.93) 
4008.59 (0.20.91, 1.49 —_(0.25)0.98, 1.43 3735.92  (-)1.44 (0)1.428 ° 0.73, 1.32, 1.97 
3997.90  (-)1.870, B 0)1.91s 3734.13 (-)1.12 0)1.23 3548.43 9 (-)I1, 
3995.30 (1. o 0)1.18 3733.48  (-)1.16 0)1.148 3546.70 (1.51 
3991.68  (-)0.96 (0)0.97 3732.39 (-)1.53B (0.28) 1.56" 3543.25 (-)-050\ 4 
3901.52 (-)1.17 (0)1.16 3731.26 (1.10 (0.10) 1.12 . 087: 
3990.29  (0.35)1.35 (0.32) 1.36 3730.47 (-)1.36 0)1.33 snare | (AS0 
3087.11  (-)1.54 (0)1.52 3728.84  (0.50)1.21 (0.51)1.19 . 
3979.51 (1.38 (0)1.36s 3726.65 (0.24, 0.63) (0.20, 0.59) 3533.35  (-)0.70 
3978.86  (-)1.26? (0)1.26 1.06". .2.23 3530.55  (-)0.75? 
3978.65  (-)1.05 0)1.08 ari2.17 0.23¢ (9-720 3520.81  (-)1.04 
3977.75  (-)0.95? (0)0.99 . 0:36: 0.34 3529.03 (0.98 
3977.18  (0.23)1.35 (0.22)0.00, 1.35 3711.64  (0.99)1.67 (0.98) 1.69 3527.94  (-)1.31 
3974.72 (0.640) 1.32? (0.648) 1.34 3708.82 (1.12 (0.04, 0.11) 3526.84  (-)1.35 
2073.80 (-)1.38 (0)1.25 0.98. ..1.13 3525.87 (0.23)? 

; . _e 3707.46 (0.45)0.62, 1.54 (0.47)0.61, 1.56 
3969.11 (1.15 (0)1.12 3704.06  (-)1.820, B (0)1.778 3522.85  (-)0.97 
3960.99  (-)0.91 (0)0.89 3702.23 (-)0.93B? (0)0. 3521.56 (-)1.58B 
3957.92 (0.54, 0.86) (0.16, 0.47, 0.78) 3693.47 (1.09 (0.14) 1.14 3520.07 (01.55 

ed 0.57, 0.8, 1.20, 3693.10 O10 ! ( a 3518.34 30.04 
3690.71 (-)p'29%>A CO} ; xty 
{ (0.900) (0.878) 0.703) 3512.64  (-)1.02 
3952.91 | (0.749) !-05 74g) 1-04 3686.47  (0.39)-?, 1.78 361. 04, 1.75 351042 (0.53)? 
3947.12 (0.740.877, 2.25? (0.75)0.72, 2.98 3684.96 (0.50)1.36:. 2.07: (0.50)1L.18. 2.17 3506.31 — (-)1.20 
3946.63 (-)1.25 : 3684.47 (-)1.41 (0)1.39 3504.72  (0.32)1.15 
3945.32  (0.13,-,-)1.810,B (0.14, 0.42, 0.70) 3683.04  (-)1.25 (0.11) 1.26 3503.71  (-)0.95? 
0.46... 1.86 3676.55  (-)1.04 (0)1.04 3495.68  (-)0.84B 
3942.68 — (-)1.26 (0)1.28 3670.04 (1.25) 1.40 127)141 3491.31 (0.497, 1.23) 
3041.72 (-)L14 01.11 3662.15  (-)1.13 (0)1.08 0.00, 0.78, 1.58 
3940.88  (0.4i?, 1.21) (0.39, 1.17) 3660.69  (0.58:)? (0.66) 1.49 3490.73 (0.20; 0.56, 0.92) 
0.00, 0.80, 1.67 0.01. 0.79, 1.57 3657.91  (0.17)1.220 (0.18)0.87, 1.24 170, BY 
3938.85 (1.36 (0)1.37 3656.96 (0.19, 0.53, -) (0.18, 0.55, 0.92) 3489.39 © (-)1.15 
3935.96  (-)1.890, B (0)1.888 -?. 3.20: 0.49 3487.71 (-)0.42i, A 
3935.28 (0.57)? (0.8)1 ‘48 3654.44 —(0.37)1.10, 1.90 (0.38)1. 0, 1.85 3485.70 (0.34)1.197 
3929.25 (-)1.31 30)1.31 3652.54 (-)1.730, B 3485.36 (-)1.16 
3925.15  (0.34)-?, 1.70 in 32)1.00, 1.85 3651.25 (-)0.98 (nose 3483.41 (-)1.45B 
3922.75  (-)0.89 20)0.90 3649.32 (-)1.02 (0)1.04 3480.01 (0.19, 0.62) 
3917.11 (0.26) 1.20 (029)138 3648.14 — (-)0.83 (0.15)0.84 
3909.93  (-)1.40 0)1.38 3647.65 (0.81, 0.91) (0.30, 0.91)0.11, 3478.74 (0.66)? 
3906.28 (0.860) 1.37C (0.12, 0.36, 0.60) -?, 6.73, 1.37, 1.96 0.72" 1.33, 1.94 3478.55 (0.83, 0.62) 
65, 0.89, 1.13, 3647.08  (0.36)-,0.94, 1.50 (0,2530.08, 1.48 0.00, 0.43, 0.84 
137, 2.61 3643.18  (-)1.10 (0.06)1.1 3477.83  (-)1.35 
3898.48  (--)1.697 (01.7 3641.78 (-)I. (0)1.34 3476.36 —(0.25:) 1.18 
3894.97  (0.20)0.24, 0.66 {0,26)0.20, 0.60 | 3639.44 (0.88, 0.55) (0.15, 0.45)0.72 
| 0.61. 0.81, - 1.02" 1.32, 1.62 
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TABLE V.—Continued. 


COBALT 


415 























Zeeman Errect Zeeman Errect > _ 
" OssERVED CALCULATED | ny OssErvep CALCULATED A om —.. LATED 
3474.53 —-((0.38)1.13? (0.35)1.12 3338.51  (-)1.31 (0.08) 1.36 3219.15  (0.16)1.20 (0.2 a 
t 6) 1.22 
374.01 (-)1.40 ons 3337.17 (0,66));90"\42 (0,67). 259 | Be le (01.52 
waas (LOS (104 3334.14 (-)'000) B : zi en | Gise (108 
3465.79 (-)1.17 (0)1.16 ee (0.34)097 208-02 (asap Oil 
3463.49  (-)1.08 (0.75)0.41, 1.91 rity 3203.02 (0.53)1.29 (0. 4i)1. 34 
3462.80 (0.26, 0.80) (0.27, 0.82)0.18, 3333.38 (1.06) as 1.10 3199.32 (0.79) 1.25 (0.74)1.22 
0.00, 1.24, 1.80 0.68, 1.28, 1.78 | 382946 (1.44 (0.24) 1.44 8198.66 (1519) B Oe 
4 1 O1Lie i Onis 3820.01 Ort 128 2 (0)1.29 3196.42 (7) 1.18 (0.17)1.20 
3456.92 (0.830) ?C (0.910114 3528.20 (0.4451. (0.51)1.28 | 3193.16 — (0.29)1.20 (0.38)1.18 
3456.52  (-)1.06 (0.04) 1.08 3326.56  (~-) 1.04? (ones | 39120 088 —— One - 
: ’ } : (000.74 
55-2 (10.66, B (0)0.6te 3325.24 (0, 60)0.00, 2.047 — (0,60)0.88, 2.08 3190.91 (-)0.63 (0)0.70 
a a a a a a oe 
a 03) 1. 30) 1. L 08, 0.81, 1.59 
eee foedLas (0.08)1.14 sie | (One (O50 — Gini «tia 
e - S py Beda » a . 9 
m4291 — (-)0.95 (0.96 31047 (-)1.04 (0)1.05 3186.35 (0.41)0.97 (0.37}0.96° 
ee. ae (139) 3319-15 ak Riess (0) 1.06 3185.94  (-)1.74 (0)1.69 
aao  ()1.01 (0)1.03 : (0.91)0.82, 1.717 (0.21, 0.62, 1.03) 3182.11  (0.78)0.36, 1.88 (0.78)0.84, 1.90 
Maa CLIO O14 0.62, 1.03, 1-44, 3180.29 ©. 54)0. 617, 1.64,  (0.54)0.55, 1.63 
3433.04 © (-)0.46 (0.10)0.44 (0.428) 1.19 
3482.31  (-)0.897 (0)0.98 3315.03  (0.66)1.36 428) 1. 3177.26 Cyo.9s 
maesl (0.80 (00.98 “sar 3174.90  (0.68)1.29 (0.64) 1.36 
3428.22 (-)1.12 (Wiis (0.03)0.86 3173.14 (0.48)1.30 (0.49)1.19, 2.17 
oe ati) 3313.11 (1470.77 |(1.87)0.77, 3.51 3169.76 —(-)1.05 (0) 1.06 
3424.50  (-)1.58 0)1.60 3312.82  (0.46)1.46 (0)1.88 sieiee Gir Lie 
3422.90 (0.287, 0.957)0.63?: (0.88, 0.88)0.84 33 214 (0.51)0.96, 2.00? — (0.51)0.96, 1.97 3180.06 @ 18)0 57 (0)0.52 
3421.62 (21.307 (01.348 | 3308.48 Chae ‘one 0 , {or7t 0 
3420.79 (0.56) 1.45 (0.57)1.41 3307.15 (1.60 (0)1.60 86.77) tHe (9, 
3420.47 (0.78)? (0.79) 1.44 3306.40 (-)1.55 : tae ry 
Ma0aT (078)? co.7epiae Re (0)1.508 3154.79 (-)1.06 (0)1.05 
3417.15  (0.32:)0.98 (0.20) 1.00 3305.10 (0.49: :)0. 39 or 1.12 _ a aot 
MITIS — (0.82:)0 (0.20)1.00 seele (aes or 3152.70 —_(1.32)1.33 (1.34) 1.34 
3409.17  (0.28)1.26 (0.26) 1.20 3304.11 (- uty (h0-Oe 31431 30.90" Oe 
me Sm” Gee | ERE eta eagle | Be Ce ae 
[ 07) 1. : 26) 1. : : (0.65)? (0.74)0.44, 1.92 
3402.06 (072,090 oe (0.26)0.94 3204.53 (0.80)1.87 (0.84)0.23, 1.91 3140.71 — (0.50)2.15? (oi 
? 0.30... .2.19 3293.86  (0.92:)0.44? (0.98)1.06 3130.94 = (-)1.08 (0.49) 1.30 
OL61 (0.342301 7? CO5)0Nte 3208.21 ( 101g aa (00-980 3137.75  (0.64)0.94 (0.59)0.89, 2.07 
3305.37 (-)0.83 0)0.84 3292. (0.73)0.55 (0.72 3137.82 (-) nh B Ore 
3390.79  (-)0.46 (0)0.48 3287.57 (-)1.37 _ ar at 
3390.39  (0.69)0.39 (0.70)0.89, 1.78 3287.19  (0.39)1.32 erin ery a Ky ” 
3388.16 (0.32, 0.83)0.76 —-(0.29, 0.86)0.19 3283.77 (-)1.46 ‘ols RR eH ep 
0.32, 0.83) $2, 0.8600.19 S6a77 (146 )1.42 3126.72 (-)1.46 (0)1.53 
mn Ghiknu Gain $283.46 (-)113 (0)1.178 3121.56 (-)1L.42B? (0)1.41 
46, O78 120) (0.96, 079, 133 ae Te (0)1.28 3121.41 (-)1.24 (0)1.16 
0.43, 0.95, 1.49, 0.07, 0.46, 0.99, ee (ae (0.01) 1.48 3118.24 (-)1.38 (0) 1.448 
was Cate (53; 2.06, 3278.84 (0.6790.68 (0.67)0.65, 2.00 3113.47 (-)1.B4 (0) 1.588 
3362.07 (0.37)1.01, 1.7 (0.35)1.04, 1.74 3277.30 (0.65)1.33 he — (oui ast) 
mms am =a” | Tas IA oe ane tee le 
3378.35  (-)0.39 (0)0.30 3271.77  (-)1.26 0)1.28 4 ? 
3377.06 (-)0-949)\ 49 0.949 3270.19 (-)1.30 (0.38)1 34 3107-08 cna (0.02)0.71 
; Tn (00.49 $270.19 (1.30 3107.04 (-)1.13 (0)1.14 
om oil oon 3268.89 ( 20.00 (0)0.50s 3105.92 (7) 1.55? (0)1.61 
mu OLS iss . (-) (0)1.28 3103.98  (-?)1.55 (0.22) 1.59 
430 (0.08)1 (0.86)1. ‘in wmeeien (0.18)0.91, 1.27 3103.73  (0.45)1.38 (0.48)1.39 
3373.22 (0.20)1.08 (0.19)1.14, 1.51 ; vuenagieiaaas (Oise eee yr ” Ty 
3370.32 (-)1.23 (01.22 3264.71  (-)1.62 Heri i : tony tone 
3367.11 (0.12,-,-,-)2.370,B (0.151)2.42¢ 3263.21  (0.30)1.18 Cr otKH 3008-70 it 74090 1.45 (038. 050) 
3005.01 (0.61)0.942, 2.252 {050148218 | 95951 (0-870) 4 0.649 , 0.76, 1.42, 2.08 
{ (0.32)1.00; 1:84 : 044i (p try 
(0.13) 1.15 (0.13)1.14 3258.41 (0.99) Me yo +i +7 ape 
3363.76 —(0.61)0.65 (0.97)1.40 3258.03  (-)1.57 & ath 4 Sena oahas ery 
3362.79  (0.44)1.39 (0.78) 1.46 3254.20 Oi 39 ‘oun Sones feast ot Tiare 
336135 (30.584 at can tan (1.37 — 59 (0.60.11 (0.71)1.15 
3359.28 OA (0)0.74 3251.65  (-)1.68? (01.68 ° 3088.67 (-)0.70 er 
sssa00  ¢-)/ 73? (0)1.36 3249.99  (-)1.29 (0)1.32s 3087.80 (1.24) 1.54 (1.16)1.52 
$356.84 (-)L.I1 (0)1.10 = 6 (0)0.45 —— oe ogc 
3350.46 (1.26 (0 1.30 ” 8246.99 (0.28)1.35 (0.31)1.36 3086.39 (-)9-959)8 OF 
a fee (0.16)0. 5243.84 ow i (0.09)1.52 3082.61 (-)1.14 (0)1.108 
35153 (-)1.36 (0.07)1.34 onev.ee 0. 380 p pry pe - 3079.39 = (-)1.66 Ones 
~)1.57 d 0), 
$08.11 OH 7 (0156 a aye (0) 550 3073.52 (0.67)1.11, 1.48, (0.24, 0.71)1.01, 
(-)1.42 (0.19) 1.46 ; “7 ore 7 OSse1 
ee La 0.19). 3235.53  (-)0.99A? {(@)1.08 3072.34  (0.32)0.97 (0.258)1.00 
A 1 (0)1.02 3071.95  (0.58)-, 0.63, - (0.56)0.62 
3341.94 (30-920), 4 0) 3234.11 (-)1.33? (0.20)1.40 3064.37 (-)1.00 ? 
0.78: 0.778 3232.87 1.49 tote 
31.34 (-)1.04 0)1.02 3227.75 LIT (O22 306182 (0.3012 (0.3)1 
3339.78 (0.41)0.94 (0.16,0.48...1.12) | 3226.98  (0.35)1.03 (0.28)0.97 3060.04 aye) ' Olas 
ST... 3224.63  (-)1.79 (0)1.74 3056.66 (7) 1.21 (0)1.21 





* Zeeman pattern from Rybar, Physik. Zeits. 12, 889 (1911). 
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TABLE V.—Concluded. 


KING AND MOORE 
































————=—= 
Zeeman Errect ZEEMAN Errect Zeeman Errect 
» OssERVED CALCULATED r OssPRvED CALCULATED » OBsERVED CaLcuLatep 
3054.72 (-)0.75 (0)0.70s 2878.55 (0.70)0.69, 2.03 (0.68)0.64, 2.00 2591.68 (-)0.89 (0)0.868 
3050.93 (-)1.90B? (0)1.93 2872.49 (-)0.75 (0)0.64 2590.59 (-)1.07 (0)1.05 
3050.49 o 66)0.88, 1.28 (0.21, 0.63) 2862.60 (0.22)0.96 (0.20) 1.00 2585.33 (-)0.78 (0.07)0.84 
73 * 1.26, 1.68 2859.65°  (-)2.02 0)1.87 2574.35  (0.58)1.34 (0.498) 1.34 
3048.88 @. 30, 0.87) (0.29, 0.87)0.18, (0.58:)0.67 (0.55)0.62 2572.23 —)1.52 (0)1.49 
, 1.33, 1.96 0.76, 1.34, 1.92 2850.04 (-)0.64A? (0)0.61 2567.34 (0.74)1.19 (0.758)1.20 
3048.10 (0. 402)0. 94, 2.05 Ty ee 2.02 2842.38 (0. 1020) 1.10 1.83 ery 1.83 2562.12 (7)0.00, 0.83, (0.41, 1.93) 
. ¥ . 1.64 0.01, 0. 
3044.00 (-)1.32 ie 2837.15 (-)402 oA (00-880 asser CL (01, 0.8, 1.65 
3042.48 (0.80, 0.82, 1.33) (0.27, 0.82, 1.37) 2833.92 (-)1.32 (0) 1.37 2555.07 ©} 1.790) B 1.788 
0.43, 0.95, 1.52, "0.44, 0.99, 2828.46 (-)0.85 W 1.579) ()1"369 
2.08, 2.60 ” 2.09, 2.64 2826.79  (-?)1.13 (0)1.128 2553.33 (-)1.43 (0)1.44 
3040.81 (7) 1.42: (0.94) 1.42 2823.64 (-)1.22 2553.00  (-)1.37 (0)1'40 
3039.56 (-)1.80 (0) 1.87 2821.74 (7)0.95 (0)0.978 2549.29 (0.49, 1.45) (0.49, 1.47)-9, 
3038.30 (20.71 (0)0.688 2820.00  (-)0.63 (oer 0.50, 1.40, -2 0.56, 1.54, 2.59 
3034.43 (-) 1.397 (0)1.398 ' . (0)1.67 2548.33 (-)1.06 (0)1.045 
3031.28 (0.40) 1.58 (0.39) 1.61 2818.59 (?)1.10? 2544.25 (—)1.53? (0)0.53 
3028.18 at T ame oo yi (0 yee). 33 oe res 21 (0.03)1.24 
50. . : -)1.77: : 91 (0)0.9 
3026.37 ( oah4 O41 2803.77 (0.81) 1.15 (0. Tid 20 2595.35 (0.50:)1.16 OAia ss 
3022.35 (-)0.87 (0)0.88 ; ? OL ny 2531.35 90.98 (0)0.92 
3017.54 (-)2.020, B (0)2.07s 2792.43 (-)1.22 (0)1.15 2528.96 (-)1.12: (0)1.07¢ 
3017.25 (-)0.78: (0)0.78 2785.89 (-?)0.43 (0)0.438 2521.36 (-)1.20 (0)1.16 
3015.68  (-)1.60 (0)1.58 2778.81  (-)1.54 (0.02) 1.50 2513.11 (-)1.21 (0) 1.28 
3013.59 (-)2.31o, B (0)2.348 2774.96 (-)0.56 (0)0.51 2512.90 (-)1.30 (0.26) 1.20 
3006.52 (-)1.18 (0.74) 1.20 2772.69 (-)1.15 2507.67 (-)-?, 2. (0)1.948 
3005.97 (-)1.48 2766.38 (-)0.87 (0)0.89 2506.87 (0.77)? (0.74)0,87 
3005.76 (0.45) 1.41 (0.35) 1.42 2766.21 (-)0.88 (0.12)0.88 2504.51 (-)1.24 (0)1.36 
.54 (0.98)1.18C (0.94)1.11 2764.18 (-)1.17 (0)1.22 2496.71 (-)1.04 (0)1.06 
2999.71 (-)1.98 (0)2.15 2763.06 (-)0.97 2495.55 (-)1.69 (0)1.62 
(?)0.90 (0)0.95 2761.36 (-)1.06 (0) 1.008 2494.73 (-)1.51 (0)1.52 
2996.54 (-)2.01 (0)2.188 2758.53 (?)1.62 (0.29) 1.58 2493.93 (-)0.74 (0)0.72 
2995.15 (-)0.87 (0.24)0.86 > 7 (0)0.868 2483.61 (0.70)1.11 (0. 74)L 2 
2989.59 (0.64) 1.24 (0.59) 1.24 2746.02 (-)1.16 (0.12)1.18 2476.64 (-)1.54 (0)1.58 
2987.16 (-) 1.940 B (0) 1-888 2745.09 (-)1.24 (0.26) 1.22 2476.43 (-)1.43 
= 1, 1.60g 2740.45 (-)1 0)1.07 2473.90 (-)1.51 (0)1.49 
2982.26 (-)0.4 (0)0.42 2731.11 (0.39)0.95 (0.39)0.95 2472.92 (?)2.29 (0)2.62s 
2978.95 (0.80:)1.91 (0.72)1.96 28.75 (-)1, (0) 1.02 2467.68 (-)1.51 (0)1.48 
2978.01 (-) (0)1.32 2722.10 (-)1.29 (0)1.278 2460.80 (-)1.950, B (0)1.978 
2977.46 (0.60:)1.40 (0.84) 1.42 2719.58 (-?) 1.37 (0)1.42 2460.19 ?)1.64 (0) 1.64 
2975.46 (0.64) 1.15 (0.78) 1.46 2715.98 (-)1.07 (0.30) 1.07 2456.23 (0.67)1.25 (0.728)1.26 
2971.36 (?) 1.05? 2695.84 (-)1.49 (0)1.52 2441.04 (?7)1.03 
2969.61 (-)1.33 (0)1.32 2685.33 (-)1.52 (0)1.49 2435.09 -)1.07 
2957.67 (-)0.95 (0)0.99 2679.75 (-)0.91 (0)1.02 2432.21 (-)0.967, 1.56? (0.09) 1.26 
2955.38 (0.67)0.78 2673.91 (?)1.23 (0)1.22 2429.22 (-)0.444A (0)0.378 
2936.54 (-)1.15 (0)1.21 2661.71 (-)1.30 (0) 1.24 2428.59 (-)1.39 
e . -- 2650.26 (-)0.42 (0.06)0.42 2426.99 (—)1.52 
2929.50 (-)1.11 (0.04) 1.10 2649.93 (-)0.64 (0)0.62 2424.93 (-)1.31 (0.11)1.33 
2928.81 (?)2.52 (0)2.62s 2648.63 (-)0.95 (ool 2422.56 (-)1.65 (0.04)1.65 
2927.66 (-)1.23 (0)1.25 ~ y (0.04) 1.34 2413.18 (-)0.45 (0)0.46 
2919.55 (-)0.75 (0)0.78 2646.41 (-)1.23 (0.03) 1.24 2410.50 (-)0.80 
2911.56 (?)1.10 (0)1.1 2629.97 (0.77) 1.30 (0.74)1.33 2402.16 (-)1.54 {(0)1.47 
2907.67 (2)1.36 (0.50) 1.40 2627.63 (-)1.14 (0)1.178 2402.05 . | (0)1.56 
pomp yi ae Kt 04 oe BHT oa oy 2384.85 (?)1.48 SO eat 
y - 4 ; 0.86) 1.12 
2392.24 (-)1.21 2617. (1.11)0.872 (1.07)0.78 2380.48 = (0.69)1.12 {oom 
2886.44 (0.26)1.19 (0.44) 1.20 2613.49 (-)1.26 2369.67 (-)1.07 (0)1.11 
2885.30 (?)1.49 OT L07 aa Bt 9% =o a (0.52) 1.25 
. i . —)1, J 50. -)1. (0)1.51 
2882.21  (0.71)1.05 (O3pLI2 
i Inside component. A ncomponent shaded outward. 
o Outside component. B ncomponent shaded inward. 
g Center of gravity of pattern. C pcomponent shaded inward. 
s Strongest component calculated. D_ pcomponent shaded outward. 
: Doubtful value. 


we have given term designations are not given 
by Catalan and Antunes. Each of the low terms 
&G and ¢D accounts for 42 lines. 
higher levels are confirmed by from three to ten 
combinations; g*H,, and x*H;,;° have but two, 


and e*H;, only one (§5). 


Six levels to which they have given designa- 


Most of the 


were discovered. We have been constrained to 
reject as unreal five of their high odd levels (four 
in this pentad) and the low c°D at 22,247, 23,392, 
which they regarded as doubtful. Of our 37 
unclassified odd levels, all but two are new. 


More than two-thirds of these depend on the 


tions (in the pentads discussed in §5) are placed 
in our list of unclassified levels—either because 


of irregular intensities in the multiplets or 
because other levels, in a more probable position, 





new measures in the ultraviolet. 


8. ZEEMAN DATA 


The observed separations are given in Table V. 
The g values given in Table IV were found from 
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oo," — — 
d's, BAF), OTHER Hicu 
ds, dis(F), Opp EVEN ALL 
Conic. d® dis(@F) +4p TERMS TERMS TERMS 
Tz |w| 4 5 13 1 | 23 
,|0| 6.71 2.73 17.80 | —0.71 | 26.53 
T| 6.67 2.67 17.33 | —0.67| 26.00 
ia ¢ i! 19 7 46 
14/0} 9.33 9.55 24.63 | 7.30] 50.81 
lr! 9.33 9.33 25.07 | 7.33| 51.06 
—Twl 8 16 15 15 54 
23/0] 9.81 | 17.26 17.79 | 17.39] 62.25 
T| 9.71 | 16.85 17.89 | 17.55| 62.02 
—Twl 5 16 12 18 51 
33/0| 5.45 | 19.24 13.55 | 21.70| 59.94 
T| 5.40 | 19.14 13.74 | 21.27] 59.55 
—Twl| 5 11 8 14 38 
44/0] 5.82] 14.18 8.54 | 17.13] 45.67 
T| 5.80 | 14.00 8.56 | 17.49| 45.85 
Nn| 1 5 2 9 17 
5310] 1.09 6.66 2.20 | 11.38] 21.33 
T| 1.09 6.62 2.18 | 11.36| 21.34 
N 1 4 5 
6} | 0 1.40 5.06| 6.46 
T 1.39 5.13| 6.51 
N ; ; 
7410 1.34] 1.34 
T 1.33| 1.33 
All |N| 32 65 69 69 | 235 
o| 38.21 | 71.02 84.51 | 80.59 | 274.33 
T| 38.00 | 70.00 84.77 | 80.79 | 273.56 























these in the usual manner, starting with the unre- 
solved patterns, and then using the formulae of 
Shenstone and Blair™ in the case of unresolved 
patterns, when it appeared probable that the 
mean of a blend had been observed ; or sometimes 
the formulae for the strongest line when this 
was probably observed. The computed patterns 
are derived from these empirical g values. For 
unresolved patterns, the center of gravity of the 
group is usually given. When the strongest com- 
ponent is entered instead, it is denoted by s. 
When two assignments are given in Table VIII, 
both calculated patterns are entered here. 

The accuracy of the g values may be estimated 
by comparison with those of Roth and Bartunek." 
Grouping the levels according to their J values 
the mean differences in the sense authors’ 


” A. G. Shenstone and H. A. Blair, Phil. Mag. 8, 765 


(1929); H. N. Russell, Phys. Rev. 36, 1590 (1930). 
11938) L. Roth and P. F. Bartunek, Phys. Rev. 47, 526 
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values minus those of R and B are as follows in 
units of 0.01. 


P } 1} 2; 3} 4} 5} 6} 

No. 7 20 26 21 15 6 1 

Alg. mean —4.3 —1.7 +0.8 +0.4 —0.5 +0.6 (+2) 

Arith. mean +5.7 +3.5 +2.5 +1.5 +1.4 +1.0 (+2) 
Comp. 5 S34 23 1.7 1.4 1.1 


The accuracy increases steadily with J, which is 
to be expected, for the displacement of the 
strongest m component of a resolved pattern 
is Jigi—Jog2 and that of an unresolved blend is 
3{(J+1)g:—Je2g2}. The observations therefore 
determine, on the average, the value of (J+<x)g, 
where x should be of the order of 4. The values 
of 6.8/(J+4) are given in the last line and 
closely represent the observed mean discordances. 
The average value of J is 2.9, corresponding to a 
discordance of +0.02 in the g values. If the two 
sets of determinations were of equal accuracy, 
the probable error of either would be +0.012, 
confirming Roth and Bartunek’s statement: 
“Most of the g factors are estimated to be 
reliable to about 0.01.” 

Most of the g values are in good agreement 
with those derived from the elementary theory 
(LS coupling). The g sums for various configura- 
tions are given in Table VI. Here for each group 
of configurations N is the number of levels of 
given J for which reliable g values were derived 
(omitting the doubtful values marked with 
colons in Table IV), O the sum of the observed 
g values, and 7 that of those from LS coupling. 
For the first two sets of configurations g values 
have been found for all the levels, so that the 
g sum test is strictly applicable. For the others 
some levels are missing and the test is not exact. 
The excess of O above T for the first two sets 
suggests that the observed values may be about 
one percent too great; but the others do not 
confirm this. 


TABLE VII. Conspicuous examples of the sharing of g values. 











TERM LEVEL O-T TERM LEVEL O-T 

Py 15,774 0.26 | yS%y 46,562 —0.75 

aD, 16,470 +0.29 v'iD*,, 46,260 +0.28 
YD, 46,186 +0.38 

MP, 15,184 —0.10 

aD 16,778  +0.08 eDy 52,460 —0.28 
f*Fy = $2,970 = 40.27 

x°F%, 43,425 +0.16 

w'D,, 43,242 —0.20 gFy 52,763 —0.21 
eH 52,716 +0.26 
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TABLE VIII. Arc spectrum of cobalt (Co 1). 
» Wave No. MULTIPLET » WAVE No. MULTIPLE 
REF IA Int.-TC Vac. DESIGNATION REF. IA Int.-TC Vac. DESIGNATION I 
1 11,894.93 10 8404.65 2Dy —y¥D%y 2 9544.52 300 10,474.35 YFy ar, 
: 11,630.93 40, 8595.41 Day a 2 9527.17 10h 10,493.42 wtPoy — apd 
° " . a= {wi _ 
1 11'402.20 3h 8767.84 4 2 9517.33 1 10,504.27 Gi 4 
1 11,318.27 40 8832.85 c2Day —y*F 24 2 9513.42 1 10,508.59 wtFoy —poph 
1 11,305.0 2h 8843.2 bGy —y'D%y 2 9482.75 1 10,542.57 xt Pos, — pipe 
1 11,158.6 2 8959.2 bP — BF sy 2 9470.74 2 10,555.94 b+Pa, —s8Dat 
1 11,106.34 8 9001.40 yD —etF 34 2 9454.23 3h 10,574.38 oD — tp 
1 1,094.7 3h 9010.8 2 9442.34 4h 10,587.69 1G — AG 
1 11,091.94 50 9013.09 yD —eF 2 9435.70 3 10,595.15 G0 — Ripe 
1 11,085.4 1h? 9018.4 Dy —eGa4? 2 9428.8 1 10,602.9 xtP Oy — fate 
1 11,018.1 1h? 9073.5 at Py —etPs 2 9422.60 3h 10,609.87 WP) faced 
1 11,015.9 2h 9075.3 vtD% —f*F 4? 2 9406.12 4h 10,628.46 
1 10,957.0 2h 9124.1 xP % —etP2y 2 9395.11 2 10,640.92 Py — gp, 
1 10,946.88 10h 9132.52 2 9356.98 200 10,684.28 atHy —ycns 
1 10,935.42 9142.10 bP —28F%y 2 9351.06 3 10,691.04 4 
1 10,805.9 10h 9251.7 xt FO — gtF a 2 9347.88 2h 10,694.68 wtPoy — op 
1 10,785.4 3h 9269.3 atDy — 2D, 2 9344.93 20 10,698.06 a?Hy — Gu 
1 10,771.3 1? 9281.4 tPF Oy — gtF 2 9340.54 3h 10,703.09 uAP oy — HR, 
1 10,739.0 6h 9309.3 x2F%4 —htF 2 9319.53 2 10,727.21 wtPOy — pepe 
1 10,713.4 1 9331.6 yt —eF «4 2 9280.42 5 10,772.42 Foy —eARy 
1 10,692.6 3h 9349.7 xt P Oy —etGay 2 9262.5 2 10,793.3 bDiy — Pe, 
1 10,681.82 30h 9359.14 2 9258.18 4 10,798.30 xP aH, 
1 10,660.17 30- 9378.14 eDy —y¥Dy 2 9245.60 1 10,812.99 b2Dy — 20) 
1 10,561.3 2 9465.9 wt Dy iF 4 2 9233.64 1 10,827.00 a*P\y — sy) 
1 10,521.3 3h 9501.9 b?Dy —ytD%24 2 9207.96 1 10,857.19 Py —AHy 
1 10,471.96 15 9546.69 Fy 2 9204.11 5 10,861.73 b:Dy — Poy 
1 10,447.39 4h 9569.15 wt Py —htF 2 9185.95 2 10,883.21 Gy —htFy 
1 10,442.11 20 9573.99 b°Gy —2*F 2 9181.75 5 10,888.19 Py —etHy 
1 10,398.38 4h 9614.25 Oy —eH 2 9177.93 20 10,892.72 Oy — Fy 
1 10,382.16 50 9629.27 be Dy —2F% 2 9165.52 2 10,907.46 PY — Fy 
1 10,367.95 2 9642.47 xt Py —etDay 2 9133.24 6 10,946.02 PO — iF y 
1 10,364.4 1 9645.8 x4G%s4 —e+Hs} 2 9130.50 2 10,949.30 BGy — 
1 10,354.45 9655.04 Fy —etF 2 9111.64 1 10,971.96 YON —AFy 
1 10,348.1 1? 9661.0 x4 FP 4 —f2F 34 2 9095.37 50 10,991.59 at — Pty 
1 10,335.39 4h 9672.85 uD; —gtP 2 9071.35 4h 11,020.70 
1 10,332.66 3h 9675.40 xg — eG 2 9052.44 2 11,043.72 bDy —y*Poy 
1 10,276.80 4h 9728.00 x4F%y —etGy 2 9040.0 1 11,058.9 Oy — hy 
1 10,172.85 20h 9827.39 x*F4 —etDs 2 9037.87 50 11,061.52 a?Hy — Poy 
1 10,167.58 200 9832.48 yD —e*F a4 3 9032.70 1 11,067.86 xD — Gy? 
1 10,154.90 2 9844.77 x4G4y —e*H oy 2 8986.51 3 11,124.74 
1 10,152.95 4 9846.66 WAP Ys) —htF a 2 8972.89 7 11,141.63 Wty — 
1 10,131.37 2 9867.63 b¢Py — 2 Dy? 2 8958.37 15 11,159.68 Fy Ay 
1 10,128.06 150 9870.86 yDhy -eFy 2 8953.72 2 11,165.48 wt Fy —5y, 
1 10,111.0 th 9887.5 #4 —eGy 2 8939.14 5 11,183.69 wAD%x4 — 
1 10,105.43 2 9892.96 x41G4y —e4Gay 2 8926.21 50 11,199.89 bDy —# 
1 10,092.1 3h 9906.0 AP Oy — gtF iy? 2 8904. 30 11,227.03 Gy — ht Fy 
1 10,078.62 100 9919.28 atH sy — 2G 2 8892.49 1 11,242.36 Dy — Py 
1 10,052.98 x 9944.58 xt Py — gtF ay 2 8888.70 8h 11,247.15 Oy —AHy 
1 10,048.80 3 9948.71 xtP oy —etHy 2 8878.28 3 11,260.35 x4 P%y — ht Fy 
1 10,046.31 150 9951.18 BD —22F 4 2 8870.70 s 11,269.98 x4F%) — Fy 
1 10,031.45 5 9965.92 Py —2D%, 2 8856.56 3 11,287.96 
1 10,021.47 4h 9975.84 xtFOy —eGay 2 8850.70 30 11,295.44 Py Fy 
1 10,019.08 30h 9978.22 at F% —e4Go4 2 8837.90 4h 11,311.80 
1 10,007.80 3 9989.47 ous - non 2 8835.21 20 11,315.25 Poy AF y 
—eF 19.119 100 11,335. Oy — WF 
. pammepe a 10.045.3 | {2Gu Ge 2 8779.20 3 H3a7as wed ace 
2 9940.69 2 10,056.91 wt Ys —htF 4 2 8774.71 2 11,393.26 x+y —APy 
2 9918.1 1 10,079.8 wtD%y —e2Diy 2 8772.04 2 11,396.73 WAP — 45 
2 9912.73 10 10,085.28 b*P2 —2°D%y 2 8766.55 4h 11,403.87 xtDey —e4 
2 9909.52 th 10,088.54 wiF%s —f*P2 2 8759.58 3 11,412.94 
2 9890.92 30 10,107.51 b*?Dy —ytD%y 2 8750.13 60 11,425.27 Oy — WF y 
2 9859.90 1 10,139.31 atPey —htFy 2 8745.56 . 11,431.24 Gy — AF y? 
2 9852.5 1 10,146.9 x*F% —f*Da, 2 8744.37 10 11,432.80 
2 9847.7 2 10,151.9 aA P% — gtF 24 2 8733.27 40 11,447.32 AG — htF 
2 9823.52 4h 10,176.86 at F%4 —f2F 34? 2 8722.12 2 11,461.96 xt Poy —htPy 
2 9798.37 2h 10,202.98 xt F% — eH ay? 2 8678.65 3 11,519.37 Gy — iF y 
2 9785.39 40 10,216.52 wAF%y —f*Go4 2 8675.02 20 11,524.19 2D —eF 3 . 
2 9769.0 1h 10,233.66 x2 Fy — iF « 4 8661.060 60 11,542.76 bDy -# 
2 9764.53 Sh 10,238.34 x2F% —e2Ga? 2 8658.14 3 11,546.66 b?Day —y" Fy 
2 9746.02 100 10,257.79 atHy — PG 2 8655.73 3h 11,549.87 xP —AHy 
2 9735.53 2 10,268.84 x2 Fy —htFy 2 8648.79 4 11,559.14 a?Py — Dy 
2 9729.54 3 10,275.16 wAF%sy — iF y 3 8596.09 3h 11,630.00 Foy —htFy 
2 9696.60 5 10,310.07 {MRA 4 8589.789 SO 11,638.55 {hah fiet 
2 9694.0 2 10,312.8 wAF%y —f4Gaj 4 8586.689 30 11,642.75 22D —AF y ' 
2 9678.21 10h 10,329.66 xtF 4 — gtF 4 8575.320 50 11,658.17 aHy — 
2 9670 20 2 10,338.21 =F eG 4 8574.460 50 11,659.34 aH 2m : 
9.94 3 10,349.20 uty — iF ¥O4q —eFy 
2 9629.83 3h 10,381.56 ling s 8569.72 is 11,665.79 (xou —itFy 
2 9613.46 4 10,399.23 uty —htF 4 5 8559.07 10 11,680.31 FY — AF 9 c 
2 9606.52 5 10,406.74 wt Py —f*Da 5 8513.52 Sh 11,742.80 yy — AF 3 3 
2 9597.90 200 10,416.09 Fy —eF 4 5 8489.50 30 11,776.02 x4 Poy —htFy c 
2 9592.3 2h 10,422.2 xt Fs — Gay? 3 8478.45 8 11,791.37 Gy — CF 4 : 
2 9585.28 2 10,429.81 wtFy —&Da 3 8454.71 , 11,824.48 (a —htF s 
2 9580.63 3 10,434.87 wtF% —f*Day : ' ponte wD —3 s 
2 9569.00 5h 10,447.55 3 8409.03 10Wh 11,888.71 Oy —f 5 
2 9548.66 4 10,469.80 4 8379.440 35 11,930.69 yt Fy — Fy 4 
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TABLE VIII.—Continued. 


OF COBALT 











‘ oo 
——: r 
IPLET REF. IA ; 
8 
— 4. 8378.34 
OF y 4 8372.790 
Fy 5 8345.55 
-) 5 8342.63 
Fy 5 8331.69 
Sky 3 8318.55 
“e*Paj 5 8315.35 
sD 5 8301.45 
-gtP, 4 8298.95 §§ 
Gy 4 8296.829 
Ey 5 8283.48 
(s ee 
na ; 8269.38 
-g*Py 3 8243.< 8 
8208.579 

von : 192.979 
Sy 5 8189.32 
YOY 5 8167.88 
Fy 5 8160.65 
S*Fy 3 8154.31 
Fy 4 8151.95” 
YF oy, 5 8150.19 
Hy 5 8140.43 
PO, 5 8137.08 
ote, 4 8116.370 
Hy 5 8114.04 
HF, 3 8112.13 
WF y 4 8093.9320 
-CHy 5 8085.54 
OF y 3 8082.60 
AF 5 8080.23 
WE y 5 8066.49 

3 8062.98 
Py 3 8053.50 
5 8050.76 
ert 4 8043.306v 
Puy 5 8041.37 
~e*Gay? 5 8037.64 
: 4 8029.2179 
ore 5 8024.73 
514,24 4 8022.0879 
Ki 5 8017.86 
2DY, 5 8016.56 
WF y 5 8012.99 
- Fa} 4 8007.2397 
~CHy 5 7998.09 
ht Py 5 7996.80 
- Fy 

4 7987360 
Fy 3 7984.22 

5 7980.57 
OF y 5 7966.08 
-h*Fy 3 7962.40 
eG 5 7960.55 
-e'Py 5 7957.76 
-4 4 7926.525v 
—¢ 5 7919.48 

3 7912.90 
-hSFy 4 7908.6790 
~eF y? 3 7907.14 

5 7885.25 
-hF x 5 7877.49 
ht, 5 7873.32 
iF y 4 7871.370v 
-Fy 4 7869.868v 
BD 3 7866.10 
AP, 5 7859.39 
“Hy 4 7855.8219 
DY 5 7843.64 
~h'Fy 4 7839.9970 
AF y 4 7838. 1219 
“hPa 3 7822.12 
— oF 9 3 7818.25 
yy 3 7817.15 
AF y 5 7810.30 
iF 5 7809.24 
AF 5 7794.13 
-OF y 3 7786.63 
—h*F y 5 7764.02 
~AF 5 7743.27 
WF 5 7735.45 
~3 5 7734.23 
ff 5 7725.95 
-OF 4 4 7712.661v 





WAVE No. MULTIPLET + 
Int.-TC TAC. DESIGNATION REF. IA Int.-TC 
50 11,932.26 Gy —eF y 5 7704.92 12 
80h 11,940.18 Py —eF 4 5 7701.90 12 
20h 11,979.15 y*F% —e2F 34 5 7695.94 10h 
50Wh 11,983.33 x45 — f4Gs 3 7685.65 1 
11,999.07 a?Day —2*F%y 5 7648.08 12h 
5Wh 12,018.03 xtFy —f*P 3 7641.43 1 
20 12,022.66 2D%%—eFy 3 7637.63 4 
5h 12,042.79 x4, —i4F 5 7634.50 3 
60h 12,046.41 xy —ftHy 5 7618.64 2 
50h 12,049.50 Gy —ftH 3 7616.13 1 
50h 12,068.90 xo, — fH 5 7610.24 2-1V 
8h 12,080.47 xt Fy —f1Gay 3 7606.30 -V 
Sh 12,085.10 1G —f8F 34 , 
80h 12,089.48 x4Gs4 —f4H 6 3 7604.30 1 
1 12,127.62 xtF%), —1o 3 7600.11 1 
80 12,179.05 yt Foy —eAky 3 7594.18 1 
125 12,202.24 VQ, —etF a 5 7590.57 2-111 
10h 12,207.68 x4G% —11F 3 7588.71 1 
20Wh 12,239.71 xP —f'Ga 5 7586.72 20 
40 12,250.57 VOy —eF ay 3 7578.34 1 
10h 12,260.09 Oy —itF 4 5 7564.96 20 
60 12,263.64 Poy —etF 4 5 7561.06 15 
50 12,266.29 &Gy —y* Fy 5 7559.65 15 
40 12,280.99 bP y —22F 4 4 7553.970v 4-1V 
80 12,286.05 xP —f'Gsy 5 7533.48 1-IV 
80 12,317.40 yy —etF ay 5 7526.29 2 
10h 12,320.93 4 —e8H 3 3 7524.07 1 
5Wh 12,323.83 2*F%, —etF 3 7515.28 1 
8-IIl 12,351.54 Os, —eF 4 5 7502.72 3h 
5h 12,364.36 xtF%), —f*Doy 5 7489.37 10 
1 12,368.86 x4F%, —f*Gay 3 7484.00 1 
60 12,372.49 2%, —etF 33 5 7478.77 3 
60 12,393.56 22D —e*F 4 3 7471.21 1 
5Wh 12,398.96 x4G%a4 mm ' 4 7457.3429 6-V 
2-V 12,409.71 Fy — ety 5 7443.43 10h 
2h 12.413.55 (Zo nant 5 7437.16 1-IIIA 
. , 4G —e8Guy 5 7429.00 10 
5Wh 12,417.77 xt D% — gtF 3 4 7417.389 10-11 
2-V 12,429.28 VP —eFy 3 406.23 1 
20 12,432.28 bay 8M 3 7398.72 i ™ 
fa? —2z'Fe, 4 .6897 5- 
10h 12,438.04 Saproy — fF 3 7365.77 
80 12,451.10 Dy —AFy 4 7354.579v 3-111 
40 12,458.05 MF —eFy 5 7353.47 25 
40 12,462.16 2? D% —e?F 3 3 7351.55 1 
15h 12,468.73 xtF% —htF 3) 3 7349.68 1 
15h 12,470.76 xtF%, — iF 4 5 7315.73 25 
20Wh 12,476.31 xtF% —f*Dy 3 7307.86 1 
5-V 12,485.27 yO —eF ay 5 7285.28¢ 4-IV 
12h 12,499.55 xtF% —e*Dy 5 oo. nu 
fa@tGy — 5 7 12 1-I11A 
10h 12,501.57 Gu ey . seh ae 
5-111 12,516.34 a?Day —2*D%y 4 7193.560 4-V 
1 12,521.27 x4G%4 — Sig -24 3 7185.63 1Cr? 
3h 12,526.99 xt Poy eta? 3 7173.37 1 
40 12,549.77 Fy —etF 4 7159.1530 6-V 
3Wh 12,555.58 xt F%, —e®Gs4 4 7154.688r 8-II 
25h 12,558.50 xtF%y — iF 4 7134.290v 5-V 
40h 12,562.90 xt % — Fy 5 7124.47 1-lII 
3-1 12,612.40 G4 —e*F 24 3 7117.91 2 
15h 12,623.62 x21, — gt P24 6 7113.98 1 
1 12,634.12 x*?D% —gt*P 2) 4 7113.5380 5-V 
6-I11? 12,640.86 yGO%y —eFy 5 7102.55 25 
1 12,643.32 x*F% —12 3 7101.77 1 
10Wh 12,678.43 Gy eh, 3 7097.84 1 
20 12,690.91 5 7094.53 1-IV 
10h 12,697.63 uth, —gtPo4 4 7084.97 40 100-1 
2-1 12,700.78 Oy —eFy 5 7079.20 10 
2-V 12,703.20 w1G%s —etF 4 5 7070.41 20 
1 12,709.29 xtG%s —e*Hy 5 7055.88 25 
10Wh 12,720.14 #G%y —e*Gay 4 7054.0420 10-111 
40h 12,725.92 wD yy —eAFy 4 7052.8720 60-1 
12 12,745.68 aDy —2tF%) 5 7042.58 5h 
40 12,751.60 Oy —eF 4 5 7032.52 25 
3-V 12,754.66 yt Dy —AF 4 4 7027.7979 6-V 
2Wh 12,780.74 — ane ‘ ase ae ye os 
{xt — fs 5 7015.1 } 
Sh 12,787.07 Gut —4ay 5 7004.81 3-111 
1 12,788.87 xt F%, —3 5 6997.22 4d-V 
10h 12,800.09 Fy —etF yy 3 6977.02 1 
20 12,801.83 Gy —fO%, 3 6972.70 1 
Sh 12,826.64 atGy — Dy 5 6946.31 10 
1 12,839.00 x44 —e®Gsy 5 6937.81 4-111 
12 12,876.38 xtD%y —gtF oy 5 6910.84 15 
4 12,910.89 otF% —et Fy 5 6908.08 30 
10h 12,923.94 x4G%s4 —e*H 6 3 6906.39 1 
40 12,925.98 yDY—AFy 5 6901.52 5 
12 12,939.84 bDy —y2Dey 4 6872.32» 40-1 
6-111 12,962.13 BPy —2D% 5 6864.91 10 





WAVE No. 


Vac. 
12,975.16 
12,980.24 
12,990.29 
13,007.69 
13,071.59 
13,082.96 
13,089.47 
13,094.84 
13,122.09 
13,126.42 
13,136.58 


13,143.38 


14,562.82 








*§ Error of +1A assumed in \ published in M. I. T. list. 


# Line double-Burns. 


MULTIPLET 
DESIGNATION 





@Hy —y¥F%y 
Py —y Py 

x2 Fey — gt Po 
2P%) —gtP24 
yy —etF ay 
MP —eF a 


22F%, ~etF 4 


Gy —y*Foy 


xtF% —e® Dy 
Py —2D% 
f oN me 
{ 2G —e4F a4 
ut D% — gt Po 
x41, —e*Gay? 
xtF%, —404 
a@Dy _ sD, 
Py —yGy 
eDy a 
2O% —etF 
ape — Fy 
Dy — AF 4 
YD Yy—eFy 
2% —eFy 
MD —eF 3 
2D% —e*F 4 
xt P24 — Say 24 
wtD% — gt P24 
DY —htFy 
xtD% —h*F 4 
4D %y — Fy 
vir —stF%, 
y*F%y —e8F ay 
2O% —etF 4 
x*D%) —htFy 
Py —2tF%% 
xtF% —e*Gy 
a@Dy —2tD%, 
eDy —2* Ps; 
CDy—HP%y 
BDy —y*F% 
Gy —etF 4 
OP —s*F% 


x4D% — is 
2O% —etF y 
= —2D%, 
x —2 
ers 
x —f*P2 
Py — HOM, 
tD%, —f*Gry 
a? Py —22F%) 
BD —y* Feng 
aAGy —22G%) 
CDy —* Pr, 
xtDY —f*Fy 
CDy —P%y 
YP. —#D% 
oP — Py 
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TaB_eE VIII.—Continued. 
—<—<———= 
» Wave No. MULTIPLET » WAVE No. MULTIPLET 
REF IA Int.-TC Vac. DESIGNATION | REF. IA Int.-TC Vac. DESIGNATION 
| —EE 
5 6858.38 25 14,576.69 at P%, — gtP 24 4 6337.963v 5 15,773.59 2G, ~%_ 
5 6846.97 25 14,600.98 x4 D4 —e® Daj 8 6322.919 2h 15,811.12 2%) — AP y 
3 6845.66 10 14,603.77 x*D% —e6Py 4 6320.4180 8-IV 15,817.37 Fy —AGy 
5 6838.11 15 14,619.89 8 6318.551 4n 15,822.05 2G") —etFy 
3 6829.92 1 14,637.43 aGay —27F %) 5 6315.779 2h 15,828.99 bP —yaPoy 
5 6826.96 3 14,643.77 x4Dx —e°Gs4 4 6314.5280 50 15,832.13 yF 0 eA 
5 6819.53 20 14,659.73 CDy —2P% 4 6313.032v 50 15,835.88 Os AF y 
4 6814.950v 40-1 14,669.58 bP —2D%, 3 6302.50 1 15,862.34 4G) — gy 
5 6808.94 25h 14,682.53 Py fy 3 6296.96 2h 15,876.30 a?D2j — y4Dey, 
3 6807.43 1 14,685.78 y2D%y —etDay 4 6291.829v 5 15,889.24 oF) ~ oP y 
5 6799.40 6h 14,703.13 x4D%y —e*Dxy 4 6282.6360 40-1 15,912.49 a*Pyy — sy, 
3 6792.35 1 14,718.39 yDosy —eFy 3 6278.19 1 15,923.76 245%) — gtPyy 
’ 1 14,725.09 x*D% —6 Dy — 
5 6784.85 25 14,734.66 Fy — ‘ oa 55,987.98 (yebed srt 
3 6778.06 da 14,749.42 xDap fru 5 6275.133# 25 15,931.52 2% AF y 
4 6771.040v 0- 14,764.71 24 —2*D%24 . _ssep 2 { 2%) — fap, 
5 6767.394 5 18,772.67 AB HF, . 5 6273.026 4-111? 15,936.87 { Go} ake 
6758.10 25 14,792.99 Dy —wtD% 7 aGy —yG 
5 6756.57 25 14,796.33 Diy —ePay 7 6271.900 i 15,939.73 ap,l —hon 
5 6742.17 5 14,827.93 x4D%y —i4F s 4 6271.472v 5 15,940.82 Dy —APy 
$ 6722.71 4 14,870.85 aa ~aP 3 6265.97 1 15,954.82 @*Dy — 
6720.9: 4 14,874.75 22F yy —e' aPy —z 
5 6717.64 Sh 14/882.08 Poy — fF y . 6908.835 sh 15,962.82 | (agit —nont 
5 6712.71 8h 14,893.01 x*D%4 —514-24 4 6257.5780 6-111 15,976.22 at Dy — tp 
5 6703.92 15 14,912.53 x*D%s4 — 12 4 6257.066v 15,977.52 92D) — Fy 
3 6700.99 1 14,919.06 WAP —24G%} 5 6253.940 2h 15,985.51 2204 — fiF 9 
5 6692.87 4 14,937.15 x4 Dy —f6F 24 4 6249.5040 8-II 15,996.86 Gy —G 
4 6684.875y 30 14,955.02 beDy —y2D%y 4 6247.284 8 16,002.54 yD —ftFy 
5 6684.08 30 14,956.80 4 6246.389v Sh 16,004.83 oF) AF y 
3 6682.30 lw 14,960.78 92D%y —e*Ds 4 6232.440v 2-1V? 16,040.65 Dy —2P%, 
3 6680.35 1 14,965.15 aDy —wD» 5 6230.968 10-111 16,044.44 at Py — Do, 
4 6678.8180 5-II 14,968.58 Py —stD% 4 6223.3550 10 16,064.07 YDhoy — fF y 
3 6672.96 2 14,981.72 atPx — Fy 5 6222.329 3 16,066.72 oP yy — 2G 
5 6665.29 4 14,998.97 x#D%y —6. 4 6211.197» 2-1V? 16,095.51 ¥*D%y —f2F a) 
5 6663.72 3h 15,002.50 4G — et F 5 6205.503 3h 16,110.28 ¥F% —eDay 
5 6652.29 3h 15,028.28 Gy — fF x4 5 6203.701 2h 16,114.96 4G%) — gt) 
3 6649.97 5 15,033.52 x'D%&y —e*Gs 5 6197.837 5h 16,130.21 9 F 5 —etDa) 
5 6645.33 4h 15,044.01 Gy — fF 4 6193.540v 15 16,141.40 2G —etF y 
10 6644.03 1 15,046.96 Oy — Fy 4 6189.005y 10-ILA 16,153.23 a*P —2tD%y 
3 6638.40 1 15,059.72 Oy — Fy 3 6181.90 1 16,171.79 G5 — gH 
5 6635.12 25h 15,067.16 CDy—2P%y 4 6181.008y 10h 16,174.13 YD — fF y 
4 6632.4380 15-11 15,073.26 a?Py — 22D, 5 6175.029 2 16,189.79 2G — APF, 
4 6623.780v 2-111? 15,092.96 a?Day — 2 F% 3 6171.43 1 16,199.23 4D) — g6Py 
6 6623.36 1 15,093.92 Oy —fF ay 3 6168.86 2h 16,205.97 aGy — 
4 6617.572v 3n-V 15,107.12 y? D4 — gtF 34 3 6160.04 1 16,229.18 a*Gay —2*D%y 
4 6617.1260 6n-V 15,108.14 yD —e*P ij 3 6158.53 2h 16,233.16 Gy — Foy 
4 6595.869v 12-V 15,156.83 21D —et Fy 3 6146.38 3h 16,265.25 @Gy —PG%y 
7 6591.834 15 15,166.10 Dry mr 7 6143.764 Sh 16,272.17 Gy — AF y 
3 6588.02 1 15,174.88 x*D%4 — eH 34? 5 6132.410 10h 16,302.30 Dy —eF 
4 6579.3730 15 15,194.83 Dy — Fy 3 6130.41 1 16,307.62 a*P 24 — 2% 
4 6563.4030 40-II 15,231.80 aGy —2G% 4 6129.118» 20w 16,311.06 a? Dy — AF %y 
8 6554.840 2n 15,251.70 yt Foy — fF 9 4 6128.2140 5 16,313.46 Fy —AFy 
8 6554.382 2n 15,252.76 x*D%4 — 42 4 6122.640v 8-IV? 16,328.31 oF % —AFy 
4 6551.4660 3-III 15,259.55 Py —AD%y 4 6116.994y 8-1 16,343.38 at Py —2D% 
3 6540.64 1 15,284.81 a?Py — G24 4 6107.9370 2-V 16,367.62 ¥ Dy —eDy 
5 6535.13 2h 15,297.69 x*D%4 —e8Daj 5 6105.470 10h 16,374.23 aGy —YF%y 
5 6517.00 3h 15,340.25 xtD%y — e*Gay 4 6100.778 4h 16,386.83 y2F% — Hy 
4 6508.785v Sh 15,359.62 Py —fFy 8 6098.270 3 16,393.56 G4 — gH 
4 6504.2130 15 15,370.41 —eF sy 4 6093.1440 10-1 16,407.35 a*Py — Dy 
3 6502.29 1 15,374.96 x*Day — 514-24 4 6086.663 7-11? 16,424.83 2Dy —x2D%y 
3 6496.18 1 15,389.42 yD —eDy 5 6083.283 2h 16,433.96 Fy — Fy 
4 6490.3440 6-111 15,403.26 aGy —2F%y 4 6082.431y 15-111 16,436.25 2% —eFy 
x 6483.305 in 15,419.98 AFP — fF 3 4 6070.67 lv 2-V 16,468.09 yD -—eDy 
7 6482.806 2h 15,421.17 aPy—yFoy 4 6058.233v 3 16,501.90 26% —f*Fy 
4 6477.8619 10-V 15,432.94 2D —eF 4 6049.110v 6-V 16,526.79§ yF% — Gy 
4 6474.5580 25w 15,440.81 @Dy —x*D%y 4 6015.384v 2 16,619.45 YF — gtF a 
4 6470.1280 3 15,451.38 2Dy —x2D% 4 6013.6530 30t 16,624.23 yt Dy —Hy 
4 y 25h 15,468.28 2D —e4Day 4 6011.4020 2h 16,630.46 21D — OF y 
4 6454.9980 40-III 15,487.60 21D —eFy 4 6007 .690v 5-V 16,640.73 yF oy — PF y 
4 6451.1360 3n-V 15,496.87 Do —ftFy ‘ 6008.3820 5-IV? 16,644.44 Pa “fra 
atPy —2 5.0300 8 16,648.11 a*Py — 2D 
4 6450.230» = 80-1 15,499.05 (ee Son 4 6002.4590 2 16,655.24 G4 — AF 
4 6444.6780 2-V 15,512.40 Oy —eF 44 4 6000.668y 5-1 16,660.21§ at F% —eF 
5 6439.171 80 15,525.67 4 5996.915v 2 16,670.63 yF%y —AHy 
4 6431.075v 5h 15,545.21 —ftF x 3 5993.48 1 16,680.19 aDy — Dy 
7 6430.342 2-V 15,546.98 yD y —ftF 34 4 5991 .890v 20-111 16,684.62 atx — 2 Dy 
4 6429.9130 4-III 15,548.02 a?Gay — 22F 24 3 5990.46 1 16,688.60 a? Day —*F%y 
5 6425.115 5 15,559.63 2G —yD%s4 3 5989.58 1 16,691.05 yt Dy —ftF 4 
4 6421.703v 2-V 15,567.90 Dy —f*F 24 x 5984.582 4n 16,704.99 CDy —w'PYy 
5 6417.824 15-11 15,577.31 aPy—2D%y 4 5984.2530 3-111? 16,705.91 yt Fy —AGy 
9 6414.67 1 15,584.97 92Dy —e2D2y 4 5984.0920 3-111? 16,706.36 atPy —#D4 
4 6407.510v 1 15,602.38 —eD. 4 5983.2780 2 16,708.63 oF % AF y 
5 6396.524 2-V 15,629.18 ¥YDy—fFy 4 5981.990v 3h 16,712.22 aGy —*P%y 
4 6395.1580 8-V 15,632.52 Dy —eAFy 5 5965.661 2h 16,757.96 st D%y —e8F 
5 6386.69 Sh 15,653.25 2F%y — fF y 11 5965.040 2h 16,759.72 oF% —AFy 
3 6366.20 lw 15,703.62 92% —et Pi 3 5963.39 1 16,764.35 Dy — 
8 6352.751 2h 15,736.87 YO —f*Fy 3 5951.73 2 16,797.20 ot D24 — eF 94 
4 6351.4480 2-V 15,740.10 y2F%4 — gtF 24 4 5946.4840 5-II1 16,812.01 Poy —AFy 
4 6347 .8430 10-V 15,749.04 y2F%y — gts 7 5940.424 1 16,829.16 ¥D%y —eFy 
4 6340.8050 10 15,766.52 Dy —wt Dy 10 5939.86 1 16,830.76 G4 — ey 











+ Wave-length 6013.582 (M. I. T.). 


§ Line probably a blend. 
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ARC SPECTRUM OF COBALT 421 
TABLE VIII.—Continued. 
——_ 
— 
PLET r Wave No. MULTIPLET Wave No. MULTIPLET 
ATION REF IA Int.-TC Vac. DESIGNATION REF. IA Int.-TC Vac. DESIGNATION 
Foy 5.3919 6-111 16,843.44 b4Px — yt 4 5489.6660 5-111? 18,211.00 F% —etDay 
Fy . $023.13 1 16,878.30 y2D%y ~ mPa 4 5488.1219 : 18,216.12 yF%y —e*Gay 
Gu 5 5922.365 3 16,880.48 b'Py —y*D%y 4 5483.962» 10-\ 18,229.94 AD — fF 
Pa 3 5916.88 2h 16,896.13 xtD%y — gtPx 4 5483.3540 40-1 18,231.96 a'Py —y*D%y 
PM 4 5915.5510 10-111 16,899.92 aGiay — 2G} 9 $479.74 = 18,243.99 Phy — hPa 
a 4 5905.5840 2h 16,928.45 s'D%, —e6 Fy 4 5477.0890 5-V 18,252.82 *D%) —f4F 54 
Fy 4 5890.4879 12-111 16,971.83 atGy —y2G%y 5 5476.906 400wNi 18,253.42 (y* Fy — g2F 24) 
‘Hay 3 5886.52 1 16,983.27 2Dy —YP% 10 5476.47 - = 18,254.88 10% —f*Fy 
DN 4 5883.4219 3 16,992.22 a?Dy — 22% 4 5470.460v 4-V 18,274.92 D4 — fF 34 
Fy 5 5881.077 2-1? 16,998.99 aGy —y*F%y 5 5469.305 4-I11A 18,278.79 bP — 22D) 
~ 1 5878.047 1 17,007.75 b+Piy — 22 F%) 9 5457.45 1 18,318.50 y Fy —eDij 
“Pal 4 5877.4279 4h 17,009.54 y2F% —eDaj 4 5454.5739 20-\ 18,328.16 YP —eFa 
ke 4 5876.1027 4h 17,013.38 yF% —eDy 4 5453.3380 1 18,332.31 YF —eH 
Fy 4 5846.5750 2-V 17,099.30 stF0y —etF 24 4 5452.3050 3-V 18,335.78 2*D% —f*F; 
“Fy 4 5834.6287 - 1 17,134.32 YG —eGa 9 $447.93 1 18,350.51 2D, — KF 
Fa 4 5830.0700 4-V 17,147.71 Fy —etFy 4 5444.5857 20-1V? 18,361.78 Py —eG.y 
AF «4 4 5$826.2990 3 17,158.81 oP) — et Fy 4 5437.0020 3-111? 18,387.39 YG —etD2) 
hy 3 5818.09 2 17,183.02 Fy —eF a 4 5434.5760 2-111? 18,395.60 YQ —etF 2 
_ 3 5806.34 1 17:217.79 2Dy —wD*., 4 5431.027» 2-V 18,407.62 ADy — Poy 
4 3 5793.92 1Fe? 17,254.70 Fy —ePy 10 5428.00 0 18,417.89 BF — gtFy 
aa, 4 5790.0840 2 17,266.13 Fey —AHy 12 5427.39 2 18,419.96 2D —eGa 
Day 4 $774.3750 2 17,313.10 yy — gy 12 $427.21 2 18,420.57 Oy — PF 4 
Oy) 4 5770.4430 2-V 17,324.90 IP %y — eH 4 5426.7340 1 18,422.18 Py Fo 
rt ; an | ape | SNTeha, | 4 sansente 1842.96 {pau 
AP 2 5$754.079 1 17,374.17 y2F%) — gtF 2 9 $421.98 1 18,438.34 WF —etD, 
al 5 5752.883 2h 17,377.78 Gs —e*F a 7 5413.734 2-V 18,466.42 —f'Fy 
a Pa 5 5750.952 2 17,383.61 yD —h*F oy 5 5408.119 2-111? 18,485.59 aPy—yD%y 
Ape 10 5741.50 1 17,412.23 o'D% —e*F 4 5407.520v 5-V 18,487.64 G4 —AGy 
ia 5 5740.986 2h 17,413.79 YPy—hFy =|l4 5402.000» 3-V 18,506.53 MFO — Fy 
ay 3 5739.59 1 17,418.03 @Dy—yFy =| 4 5399.7620 10 18,514.20 y*F%y —e?Dy 
fF 3 5736.52 1 17,427.35 ¥YO%—ADy =| CS 5393.729 3h 18,534.91 PO —AGy 
shai 3 5734.25 1 17,434.25 ADy —x*P%y 12 5390.81 2 18,544.95 D4 — oF 34 
PF x 3 $733.28 1 17,437.20 Oy —e8F 4 4 5390.4780 2-IV? 18,546.09 yD —ePy 
Daj 3 5730.45 1 17,445.81 Fy —e8F y 4 5381.776v 6-V 18,576.07 YF —eGy 
eH 3 5720.80 1 17,475.24 aDy —y*F%2, 5 5381.105 5-111 18,578.39 Py —2D%) 
eDs 10 5715.91 1 17,490.19 stF% —e* Fy, 9 5378.20 1 18,588.42 Gy —eDy 
+i) 4 5$706.160v 1 17,520.07 YF %y —ftF 4 4 5373.9580 1 18,603.10 YF — gtF 2 
AHS 5 5703.031 2h 17,529.68 at Fy —e2F 24 9 5372.75 1 18,607.32 2D — Fo} 
Sh 3 5696.75 1 17,549.01 bP — 22) 7 5370.350 1 18,615.60 4 — fF 24 
Pre 5 5688.593 2-11 17,574.17 a?D2y —22D%, 4 5369.5910 20-1 18,618.23 atPy —y'D%y 
Pe il 5688.169 1 17,575.48 Foy —etP2y 4 5368.9040 30 18,620.61 ADy —y*P 
ent 3 5686.96 3 17,579.22 21% —eF 4 4 5366.7439 5 18,628.11 YP y — fF: 
apes 3 5684.69 1 17,586.24 Fy —eDsy 4 5364.8160 4 18,634.80 Dy — fF iy 
i 10 $681.04 1 17,597.54 bP —22F%) 4 5362.781» 15-11 18,641.87 Oy —AHy 
a) il 5679.637 1 17,601.89 Dy — ht F 34? 4 5359.200v 6-111? 18,654.33 Fy —AtHy 
-, 3 5676.49 2 17,611.64 D4 — gF 24 5 5358.923 2-IV 18,655.29 ¥Oq —PF 4 
: OF4 5 $678.42 ! sh ! 7.61 4.96 Poy a 9 5358.01 1 18,658.47 abu ——— 
4 . v J- ’ . rua — 3 = om b 
i 3: 3656.10 1 17,675.13 BD — DO ‘ 5353.5000-2S-Illl 18,674.19 { aba! —yP%)) 
— : $651,734 th 17,688.79 {¥Py —2D%, | 4 5352.0460 20-111 18,679.26 BO — fF 
oo Si. : — 2D —eP; | 4 5349.0919 4-V 18,689.58 Fy — AG? 
‘Do! 4 5647.2340 12-11 17,702.88 aPy —yD%y 4 5347.499v 4-V 18,695.15 Fy —etGy 
Dy 5 5643.087 Sh 17,715.89 eDy —?Y Dy 4 5344.570v 10 18,705.39 Gy — et ay 
“Fed 5 5642.542 2h 17,717.60 22D, — gtF 2} 4 5343.3830 20-111 18,709.55 YQ —AHy 
on, 5 5639.991 1-I11A 17,725.62 a@Dy —yF%) 4 5342.7030 50-111 18,711.93 YQ —AH 
OHS 4 5637.7340 3-V 17,732.71 Poy —gtFy 4 5341.3280 7-V 18,716.74 ¥O4 —PGy 
om 4 5636.4559 1 17,736.73 2?D%2 — gtF 5 5339.528 4-V 18,723.05 YOu —eGy 
“aD 4 5636.1280 3-V 17,737.77 2? —e Py 7 5337.330 In 18,730.76 YOu —hF 4 
. ore 5 5627.726 2 17,764.25 Yq —eAGsy 4 5336.1639 3-V 18,734.86 Oy —eF a4 
Fy . : 7 0 a8 re —SeH 4 5334.821» 6-V 18,739.57 {nee ~563, 
“Dy 5 5598.478 50Ca? 17,857.05 Gy —-1 4 5333.6479 5-111 18,743.70 —AHy 
AP 4} 
= 4 5594.7780 2 17,868.86 Y@y —APy 4 5332.6520 5-III 18,747.20 Fy — fF 
OFa 10 $593.13 1 17,874.13 s*F%, —e*F 24 4 5331.4560 15-11 18,751.40 oPy— DI, 
OHA 5 $592.185 2 17,877.15 Fy —etFy 10 5329.82 1 18,757.16 Fey — gtF 14? 
OF 4 5590.7440 10-11 17,881.75 aDy —2D%, 9 5328.01 2-V_ 18,763.53 ; 
pre 3 5589.27 1g? 17,886.47 G4 —etDay 5 5326.247 3-IV 18,769.74 sD — fF 4 
Sage 3 5581.28 2 17,912.08 2D% —eDy 4 5325.949v 4-IlI 18,770.79 AF*y —eH 
“De i 5576.045 1 17,928.89 YP — ht F 4 4 5325.2760 10-111 18,773.16 YG —eGay 
ore 9 5573.65 1 17,936.60 yy — gtF oy 4 5321.7199 2-V 18,785.71 Y@y —eDy 
Re il 5569.678 1Fe? 17,949.39 Dy —xAD%? 4 5316.7729 7-111 18,803.19 YOu —AGa 
OHS 3 5565.87 1 17,961.67 YO — fF? 4 5312.650v 8-111 18,817.78 Fey — gtF 4 
iy 3 5563.69 1 17,968.71 Fy —e2F 2 4 5310.2199 20 18,826.39 YF, — eGo 
a a en a Tr oy 
. le ° = 4) ° " - xy -_ $2 | 
are 4 5$545.9370 2-111? 18,026.22 ¥Qy —eFa 4 5301.0429 15-11 18,858.98 a*Px — yD 
| Dry 9 5544.28 1 18,031.61 2Dy —7'D% 7 5292.203 in 18,890.48 YD —eP; 
AG 1 1 $533.070 1 18,068.14 Fy —eADy 13 5290.49 0 18,896.60 Oy — etFy 
De 5530.780v 10-11 18,075.62 a*P 2, —s2F%y 4 5287.7850 5-V 18,906.26 YD — Dy 
er 3 5527.19 1 18,087.36 ¥YPy—APy |S 5287.574 3-V 18,907.02 Dy — fF 4 
mY it $525.674 1 18,092.33 GDy-y¥S%y =| 5286.48 1 18,910.93 WP — Ga} 
TAF 4 5524.9900 4-V 18,094.55 YOu-AGy | 9 5284.08 1 18,919.52 wD i 
“OF : 5523.968 ee 18,097.92 22% —eDy 4 5283.4879 4-V 18,921.64 HOry —fF a 
~aGy 5523.310n 8-11? 18,100.07 atPy—y2D%y 4 5280.6319 20-111 18,931.88 0% — fy 
“a 4 5515.990v 3h 18,124.09 WFO — eta 4 5276.1839 8-V 18,947.84 Gy —eHy 
“Ore 3 5508.29 1 18,149.43 YP%) — fF? 4 5 268.4980 10-111 18,975.48 04 — fF y 
“ oF 3 5503.23 1 18,166.11 Dy —htFy =| 4 5266.506v 25-11 18,982.65 aGy — y*F% 
~aFa i 5501.511 1 18,171.79 YPy—-yPy =| 4 5266.3027 10-11? 18,983.39 Oy — fF ay 
4 u $497.55 7 = 18,184.86 vPy—fGy | 4 5265.7860 4-V 18,985.25 atF Ys — fF y 
“6829 2-111? 18,191.06 ADy—wDy | 4 5265.523 , 18,986.20 (Seba 7 
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Wave No. MULTIPLET r . WAVE No. MULTIPLET 
Vac. DESIGNATION ° IA Vac. DESIGNATION 


x 
& 
ba 





4961.891 
4959.682v 
4953.179v 
4951.828 
4948.589v 
4945.784 
4945.55 
4944.735 
4943.282 
4942.350 
4941.65 
4941.3540 
4936.418v 
4935.222 
4934.065 
4932.883v 
4931.346 
4930.783 


4928.818 


4928.290v 


4925.676 
4924.998y 
4920.272v 


20,148.00 Foy — 4, 
20,156.97 Fy —25, 
20,183.44 OF 5) —28 
20,188.95 Fy — PP) 
20,202.16 Dy eG, 
20,213.61 
20,214.57 Gy —wtDy? 
oF —f2F 
YP, HF 
Fo —htF y 
22% —htF 
(4@q —etHy) 
290) Fy 


= 


18,988.69 
18,990.96 
18,997.17 
19,014.73 
19,025.48 
19,028.42 
19,042.32 
19,049.88 
19,065.79 
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b* Poy —y2Pe, 


5219.0080 beDiy — xP? 


5214.751v 


— SUE hOUUNNI CUS he 
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_- — 


20,283.19 BS ont 


- 29% —eF, 
20,285.37 22F% ~AGy 
20,296.13 2824 —etF 
20,298.93 OG —eFy 
20,318.42 bPy —yaDe,, 
20,326.71 BP —xtDoy? 
20,336.24 @Hy —xQ, 
20,341.40 

20,350.99 64 —2F%, 
20,357.06 

20,367.23 eDy — wise, 
20,370.96 bGy —x2F 4, 
20,372.86 b'F ay —28F 
20,385.13 BDy —2P%y 
20,392.00 YG —AGy 
20,404.48 a*?Dy — yD, 
20,414.22 22G% —etH. 
20,432.67 YD —eD-, 
20,433.73 YO —htFy 
20,456.78 204 —eGy 
20,474.76 2804 — AF y 
20,480.60 (Fy —htFy) 
20,485.05 HF 3 —28D% 
20,493.00 2° —e8F y 
20,530.79 YO — Fj 
20,537.15 28% — Fy 
20,555.76 bP y —y*P%y) 
20,561.53 2° F%y ey, 
20,579.13 bF 24 — sD) 
x 20,589.08 atF% —etDy, 
4855.2350 20,590.58 Fy —28F 
4853.309 K 20,598.76 2'D%4 —eP2 
4851.973 20,604.43 bP — 2% 
4849.315 20,615.73 y*F%) — 14 
4843.454v J 20,640.67 28C%24 — 08s 24 
4840.253v 20,654.32 2°, —e8F 4 
4837.948 20,664.16 WF y — Dy 
20,679.50 —y¥'Dyy 
20,689.22 

20,747.95 

20,752.17 

20,758.77 

20,767.11 


4813.476v 20,769.22 


4808.24 
4801.79 
4797.835v 
4797.750v 
4796.378v 
4795.853v 
4794.27 
4792.855v 
4785.070v 
4782.561 
4781.432v 
4779.9790 
4778.2330 
4776.31lv 
4773.498 
4771.108 
4768.0720 
4767.1420 
4762.353 ? : 4 
4756.7220 100 017. 2O% —cHy 
4754.3580 3 ? 28 D%y — AF 
4751.57 1 039. yt Dy — ht Fa} 
4749.687 048. 2° D% —eF 5 
4746.1159 226% — Fy 
4742.22 YO — [G4 
4738.097 21,099.64 22 F% —f*F oj 
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5135.543 
5133.4670 
5126.201v 
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SS °° °~ ~~ 


on. 1A 
4736.22 
4734.8280 
4732.0519 
4729.058 
4727.9369 
4727.746 
4725.2500 
4718.470v 


— 


— 
- of be SF CO eK IEE Oe 


4654.8349 
4654.519 
4653.7700 
4652.470 
4651.84 


4648.652 
4645.153y 


— 
nF Of SSS OSU HK SOLS OH 


4625.767» 
4624561» 
4623.020v 


4594.356 
4591.375 
4589.36 
4588.7300 
4586.936v 


4581.5960 


4581.380 
4580.964 
4580.139r 
4579.364 
4577.27 
4574.942y 
4570.0240 
4567.533 
4566.610v 
4565.578v 
4564.843 
4564.1539 
4563.989 
4563.85 
4563.38 
4563.02 
4561.948y 
4561.22 
4560.97 
4559.123 
4553.3360 
4552.44lv 
4550.469 


4549.6580 


5 
4 
q 
4 
9 
4 
u 
9 
9 
4 
4 
9 
4 
4 
4 
4 
4 
0 
4 
9 
4 
4 
4 
4 
1 
1 
9 
4 
4 
4 
1 
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Wave No. 
Vac. 





4737.7690 
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21,101.10 
21,108.00 
21,114.20 
21,126.59 
21,139.97 
21,144.98 
21,145.83 
21,157.00 
21,187.40 


21,229.83 


21,250.83 
21,251.93 
21,274.37 
21,277.96 
21,281.89 


21,490.87 
21,505.61 


21,521.81 
21,525.68 
21,528.39 
21,532.76 


21,691.06 
21,727.59 
21,747.70 
21,758.45 
21,759.76 
21,773.89 
21,783.44 
21,786.44 
21,794.96 


21,820.36 


21,821.39 
21,823.37 
21,827.30 
21,831.00 
21,840.99 
21,852.10 
21,875.61 
21,887.54 
21,891.97 
21,896.91 
21,900.44 
21,903.75 


21,927.91 
21,955.79 
21,960.10 
21,969.62 


21,973.54 


MULTIPLET 
DESIGNATION 
Py —y Dy 
wD —h*Fy 
26DY —e* Fy 
Fy —2°D% 


4 
pare 
oF 4 — 

DY —e*F 
WD % —fP 24? 
@Dy —wt Py 
Dy —e*F iy 
Py “Sey 
&Dy —wtD 
a*Fy —2tF% 
&Dy —utDy 
2°D% —e®F 24 
btF 23 —2®D%) 
OF y —2°O%s, 
Diy —11% 
BDy —wtFoy 


sf —e*Fs 
Det —e*F " 
2tF% —htF oy 
bt Dy —wtD%y 
Py —2P%y 
a?F yy —2*D%, 


BDay —x*F sy 
(pe —y Py 

Fy = 

22G4 — 

eDy uP 


a*F 3 —2*F%, 
Oy —eDsj 
OF ay —2*D%y 
OF 5 — 29%) 
{ 28°F % —e8 Fy 
(##D% —e*Dy) 
26D —e*F a 


Fy On 
ca) —fPy 
&P. —F Py 
22, —e*Py 
Hy —wiOy 
oes ar 
—f 
s*D% —eEN 
{ Bey ey 
\(stD% —e4Gy) 


» 
IA 


Wave No. 


Vac. 


MULTIPLET 
DESIGNATION 
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4547.75 
4546.873 
4545.985v 
4545.2380 
4544.541 
4543.810v 


4492.076 


4490.309 
4489.40 
4486.706v 


4484.513y 
4483.918y 
4483.586 
4481.577 
4478.657 
4478.3190 


4477.2129 


4471.8090 
4471.550v 
4471.271 
4471.046 
4469.5479 
4467.53 
4466.881v 
4465.8179 
4460.725 
4458.594y 
4458.242 
4452.166 
4450.79 
4445.71lv 
4445 .049y 
4441.9520 


4441.02 
4437.872» 
4436.193y 


4431.6089 
4429.33 


4422.00 
4421.3379 


21,982.75 
21,986.99 
21,991.29 
21,994.90 
21,998.27 
22,001.82 
22,012.28 
22,016.47 
22,047.70 
22,049.49 


22,250.38 
22,255.20 


22,263.96 
22,268.46 
22,281.84 
22,292.73 
22,295.69 
22,297.34 
22,307.34 
22,321.87 
22,323.56 


22,329.08 


22,356.06 
22,357.36 
22,358.75 
22,359.88 
22,367.38 
22,377.47 
22,380.72 
22,386.06 
22,411.61 
22,422.32 
22,424.09 
22,454.70 
22,461.61 
22,487.29 
22,490.65 
22,506.33 


22,511.05 
22,527.02 
22,535.55 


22,558.86 
22,570.46 


22,607.87 
22,611.26 


22,613.70 
22,615.90 


22,628.34 


22,629.57 
22,631.43 
22,636.12 
22,655.38 


Fy —D%y 
eDy - 1% 
b8 Day —x?D 


sone - , 24 
2 —filis 

—e*F; “ 
Dy — fF 4 
2D —ePy 

2D — Gay 
be Py—wtDy 
CDy —wt Fy 
yD —itF 4 
st —fF. 


Py —wt Dry 


bDy —x* Py 
stP% —e*F y 
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r WAVE No. MULTIPLET WAVE No. MULTIPLET 
Rer. IA Int.-7TC Vac. DESIGNATION REF. IA Int.-TC Vac. DESIGNATION 
a Pe 
4 4374.4460 2wh 22,853.64 o'F% —gtF ay 4 4192.8560 3h 23,843.40 aD, — 2459, 
4 4373.6340 6-IV 22,857.88 21% —eGy 10 4192.473 <1 23,845.57 ot Py — AP 
9 4372.08 1 22,866.00 Doo — eH 4 4190.712» 20-1 23,855.60 oF 4 —s6Fiy 
4 4371-1307 5-111 22,870.96 a*Daj a 9 4189.50 1 23,862.50 a*F 24 —s8Day 
‘ 1 ,886. Oy — a aD —x4 
4 Soar ae ; 33'992.44 soos 4 4187.2460 4-11 23,875.34 (me Pe: ‘net 
4 4366.2139 2 22,896.73 sD — fF a 9 4184.50 1 23,891.01 ‘Dy — gps 
4 4361.913» 2h 22,919.30 atF 4 —28F 4 4180.6950 0 23,912.75 ot FO, “fir 
5 4361.031 2 22,923.94 a*F 14 —s*F 4 4 4179.2260 2-111 23,921.14 BG — way 
4 4360.830v 10 22,924.99 Py —22F%4 9 4177.59 1 23,930.52 atF 4 —26Doy, 
4 4359.4260 15 22,932.38 Dy —ftFy 4 4176.0397 0 23,939.42 Fy —AHy 
9 4358.96 1 22,934.83 BPy —wtD¥ 10 4172.569 1 23,959.32 2% — ht Py 
9 4358.08 1 22,939.46 s?F% —514,24 4 4170.8880 4 23,968.98 2G) — gtP, 
5 4357.173 10 22,944.23 yD —4 9 4168.44 1 23,983.05 21D) —htF, 
4 4356.9000 3 22,945.67 2*F 4 —e4Gay 10 4168.114 =< 23,984.93 °F) — fap) 
4 4353.824v 4 22,961.88 D4 —e*Ga4? 9 4167.85 1 23,986.45 oF, — gf 
4 4350.6300 1 22,978.74 2°D%4 —f*F 9 4167.61 1 23,987.83 2'D%4 — f4Py 
9 4350.10 1 22,981.54 —eHs 5 4162.169 2-IV 24,019.18 G4 —hOF 
10 4343.724 <1 23,015.27 sD —f*F iy 9 4160.70 8Coll? 24,027.67 2Dy —19%4 
4 4342.486v 0 23,021.83 s*D%, —f2F 24 4 4158.4200 4-III 24,040.84 bGy — wt 
9 4341.19 1 23,028.71 Oy mee 9 4156.91 1 24,049.57 aD —xDa, 
5 4—vD%y, 10 4156.646 — 24,051.10 b2Da —vt 
} 7 4340.240 In 23,033.75 { oF —i*F 2 10 4155.97 ane 24,055.01 bP —wiF ty 
f 4 4339.6250 SII 23,037.01 = 8PM 9 4151.74 1 24,079.52 sty =. 
i J ,040. —eé —x4 
: 9 4337.54 2 23,048.09 #F%) —eADiy ° 4151.20 : 24,082.65 { =D) “—" 
: 9 4334.37 1 23,064.94 atHy —22H%4 4 4150.4290 2-11A 24,087.13 OF 4 — st Foy 
4 9 4333.14 1 23,071.49 Fy —eD, 4 4139.4520 3-III 24,151.00 a Dy — Sy 
9 4331.64 1 23,079.55 atPy —ytDoy 10 4138.393 1 24,157.18 bP y — PH, 
4 4331.2319 3-IV 23,081.66 @Dy —0F 5 4132.155 4-1 24,193.64 a*F 24 —y'Doy, 
4 4326.406v 0 23,107.40 BDy —v' Dy 9 4131.85 3-V 24,195.43 
9 4324.32 1 23,118.54 2?F%y —e 7 4130.538 In 24,203.12 dF yy —sF%y 
- 4 4320.385v 2 23,139.60 Fy — gy 5 4122.271 2-111 24,251.66 @Hy —2G% 
{ 4 4313.4039 0 23,177.05 bDy —7*D%sy 4 4121.3180 60-11 24,257.26 oF y — 2% 
: 4 4310.0930 2 23,194.85 atPy —s!P% 4 4118.7749 50-11 24,272.25 oF 4 — hy 
4 4309.4379 2 23,198.38 Foy —ftFy 4 4110.532» 25-1 24,320.91 Fy — 2 Py 
4 4307-4990 Ve 23,209. 1s =P) = aC 5 4110.073 Sh 24,323.63 sy —htFy 
.235v -L ,231.82 af y —s*F%4 atFy —s8 
4 4301.0260 3 23,243.75 Fy —etDay 7 4109.706 td-(1A) =—_- 24,525.80 { aD4 — are 
4 4297.928 2 ,260.50 *D%y —g2F 24 11 4108.488 1 24,333.01 a*F yy —28 
4 4292.250v 3h 23,291.27 atH 4 —x2 9 4108.34 1 24,333.89 3*D%y —f*Ds, 
9 4291.94 1 23,292.95 oF —gtF yy 10 4106.462 <1 24,345.02 2*F% —fiPy 
7 4290.206 1 23,302.37 bDy —w* Dy 10 4106.306 <1 24,345.94 28% —fePy 
9 4288.54 1 23,311.42 —e 4 4104.743» 4-III 24,355.21 a? Py —2tPr, 
4 4287.3819 2 23,317.72 stF% —f2Fy 4 4104.4180 2-111 24,357.14 a?Dy —x4 
4 4285.782v 6-1 23,326.42 a*F 24 —3°F%4 4 4097.193» 2 24,400.09 sD —hiFy 
10 4283.33 — 23,339.78 be Py —wtPoy 4 4095.9 2-V 24,407.64 o*Dy — fa 
4 4282.567v 1 23,343.94 Fey —etHy 5 4093.053 2-V 24,424.77 Oy —htFy 
4 4276.1079 2 23,379.20 Fy —eGy 5 4092.848 3-111 24,426.00 Py — ty 
7 4275.069 3 23,384.88 Fs, —eGy 4 4092.386v 25-1 24,428.75 ay —s Fy, 
4 4270.4279 2 23,410.30 atFy —2*F%y 5 4090.354 20h 24,440.89 
4 4268.4460 2-111 23,421.16 bP —x*D%y 4 4088.2919 1-14 24,453.22 atFy —s*D%y 
5 4268.032 3h 23,423.43 atFy —s*F%4 9 4086.92 1 24,461.42 sD —i*Fy? 
9 4267.18 1 23,428.11 ADy —v*P% 4 4086. 15-II 24,465.14 Poy —x4Dty 
10 4264.642 — 23,442.05 bP —y'P%y 4 4084.1139 2 24,478.24 a*F%s) —htFy 
4 4263.7430 2 23,447.00 Gy —eH 9 4083.63 1-IV 24,481.13 
10 4263.333 <1 23,449.25 sD — fF 24 4 4082.593 2-IA 24,487.35 Fy —sF4y 
4 4259.865v 2 23,468.34 s°F% —f4F 4 4081.440v 2-V 24,494.27 o'D%y —i*Fy 
9 4255.22 1 23,493.96 Oy — gtF 3h 9 4079.42 1 24,506.39 21D —ePyj 
4 4252.302» 12-1 23,510.08 atFy —s8 5 4077.406 2-V 24,518.49 oF —htFy 
4 4248.1880 2-V 23,532.84 bDy —y*P%y 11 4077.382 2-111 24,518.64 
4 4245.5787 2-V 23,547.31 a F%y — gtF yy 4 4076.565v 3h 24,523.56 Oy —htFy 
5 4241.886 2-111 23,567.81 a*D2y —x*D%24 4 4076.1240 3-1A 24,526.21 HAF y —2*F%, 
4 4241.5160 2-V 23,569.86 Dy —htF, 4 4069. 1-IV 24,565.89 2*D%y — FAG, 
9 4240.79 1 23,573.90 sD —ftFy 4 4068.5419 8-11 24,571.92 Py —x'Dey 
4 4238.4420 2 ia 23,586.96 seg Ge 4 4066.365y 15-I 24,585.07 atk -)4 
4 4237.3419 1- 23,593.08 atPy —s —1 
; powered 2-1A pc a es 4 4 4063.1740 3h 24,604.38 (ADA — wD) 
\ (o-14} 611. Fy — FF 9 4061.76 1 24,612.94 sD — 19, 
4 4229.9550 3 23,634.28 atFy —2°FOy 10 4059.321 1-(1A) 24,627.73 a'Fy —D% 
11 4228.861 1 23,640.39 s*F% —e2Gaj 7 4058.762 1 24,631.12 atDy —x* 
9 4228.54 1 23,642.19 ADy —s*D*y 4 4058.600v 6-II 24,632.11 bsPy —xtDOy 
4 4225.110v 2-111 23,661.38 4 4058.1830 8-1 24,634.64 OF y — Fy 
4 4223.7680 0 23,668.89 sP% — fy 4 4057.195» 5-I 24,640.63 atF yy — 90% 
10 4222.254 <1 23,677.39 °F) —ftF 5 4056.979 2-V 24,641.95 s'D%y —f*P a 
9 4221.09 1 23,683.92 Dy —hFy 4 4054.6180 2-(I1A) 24,656.30 atFy — Dy 
4 4220.4360 2 23,687.59 Dy —1 4 4053.9180 1-IV 24,660.55 a?Py —wtDy 
7 4220.274 2 23,688.50 Gy —ut 4 4052.9120 3-111 24,666.68 G4 — Gy 
4 4214.8720 2 23,718.86 4 4049.2830 4 24,688.78 be Py — Py 
4 4210.0867 0 23,745.82 sD —h*Fy 4 4045.386v 20-1 24,712.56 atFy — Gy 
9 4208.74 1 23,753.42 s*D%4 —f*D. 4 4040.7940 2-111 24,740.65 a?Py —# PH 
4 4207.6119 2h 23,759.79 @Hsy —2H% 5 4040.647 2 24,741.55 b2Py — PY 
11 4206.143 1 23,768.08 Day —w®D® 4 4038.9630 0 24,751.86 bDy —s 
10 4204.85 <1 23,775.39 Py —cHy 4 4037.1980 2 24,762.68 atPy —#*P, 
il 4204.057 1 23,779.87 s*F%4 —e2Diy? 4 4036.7630 0 24,765.35 bDy —¥ 
5 4198.425 3h 23,811.77 atFy —28D%y 4 4035.5420 8-III 24,772.84 14 xs. 
12 4197.85 2 23,815.03 Dh, —h*F 4 5 4034.490 250rMn 24,779.30 (Gy — 
9 4196.84 1 23,820.76 2°G% —e*H 34? 4 4027.0320 10-1 24,825.19 atFy — Oy 
9. 4194.87 1-III 23,831.95 10 4025.497 1 24,834.66 sD —ftFy 
5 4194.344 5 23,834.94 4 4023.399v 4-III 24,847.61 bPy — 8S 
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» WavE No. MULTIPLET » Wave No. MULTIPLET 
LET REF 1A Int.-TC Vac. DESIGNATION REF IA Int.-TC Vac. DESIGNATION 
\TION . 
 s.4 
i 4020.8980 20-1 24,863.06 Fy —2tF%q 7 3902.390 In 25,618.09 G4 —Siy.2 
Shy ‘ 2880 5-I 24,873.02 Fay — 24 F%y 10 3899.996 <1 25,633.82 atFy — 
ru 4 4019. 873. (Fy — 2D) 4 3898.4859 4-11I 25,643.75 Py —xtD%, 
4 5 4019.140 5 24,873.94 aPy —wtD%, 4 3894.9760 20-11 25,666.85 WF y — sD 
Diag : 4016.830 2-V 24,888.24 G% — MG 4 3894.0730 60-11 25,672.81 atF a — 2G 
De 4 4015.2220 2 24,898.21 5 3893.303 2-V 25,677.88 O% — eH) 
Fy) 4 4013.9420 7-11 24,906.15 Py —x4D% 7 3893.067 2-111 25,679.44 at Py — 28S? 
es 4 401 2.1439 2 24,917.32 Foy —htFy 7 3892.968 in 25,680.09 st Fe, — f6F 4 
Fa 4 401 1.0890 2-1A 24,923.86 atFy — 28D, 7 3892.210 1 25,685.09 BDiy —w2S? 
Pej 4 4010.9319 3h 24,924.85 oF 04 — ftDay 4 3892.118» 3-111 25,685.70 Py —vtD%, 
oo 4 4007.9230 1-111 24,943.55 Os — iF 4 5 3891.680 2-V 25,688.59 Py — iF 2 
>, i" 4007.273 1 24,947.60 5Gs4 —e°Ga4 4 3890.7340 1 25,694.84 ADy —23% 
Fa 4 4003.5960 2-111 24,970.51 Pye Day 4 3889.9780 2-111 25,699.83 oP, — iF 5 
| i 3999. 180 1 24,998.08 oD —e8 Daj 4 3885.2750 6-I 25,730.94 OFy—y Oy 
F. 4 - 3998.554 In 25,001.99 a?Fy —22D%) 4 3884.601y 10-I 25,735.41 OF —yF%y 
my 4 3997.901» 40-11 25,006.08 oF 2 —y4F°.) 4 3881.8690 25-1 25,753.52 OF — 2D, 
n 1 Be en | Base Sete, | Sef BIR BAHN 
. ’ 4 tG% s e . \ 
‘Fy ; 30045420 6-1 25,027.11 WF yy — 24%) 12 3880.40 3 25,763.26 
on 9 3992.36 1 25,040.79 sD —e8Gay 4 3878.7500 70r 25,774.23 Py —2 Py 
‘Day 2 see R | 2s0ak10 0 Pe Dot 4 3876.8317 = 20-1 25,786.98 {EATS 
‘Des ; 3991.6847 6-1 25,045.03 OF 4 — 2G) 4 3873.9530 40-11 25,806.14 Fy —2!D%, 
APO 4 3991.5289 4-IV 25,046.00 0% — fH 5) 4 3873.120v 60-II 25,811.69 DAF yy — 21D 
aGay 4 3990.2907 6-11 25,053.72 YP y—AD 4 3870.534v 4-III 25,828.93 Py —v' D2, 
~~ i" 3989.687 1 25,057.56 Dy —e*Ds)? 4 3866.8320 2 25,853.66 atPx —xtD%) 
r 4 3988.8840 2 25,062.61 24G24 —F*Gay 7 3863.966 1 25,872.84 Diy —w* PH) 
ise 4 3987.1179 6-1 25,073.71 WF yy —stF%) 5 3863.607 2-111 25,875.24 bP; AP 
‘Phy 1 esis 10- 28121.39 atFap tt 12 3aeoe” a assoc | eM 
3979.5180 - * 34 —2°G4 y 396. 
‘Dy H 3978.864 4-V 25,125.72 Oy — fH ay 4 3856.7960 4-I1I 25,920.93 Py =| 
Fy (ie 2513276 wca—wr | 4 Se500es cde  asecoae — bertamon! 
3977.75 1 132. oj — 02 ® 960. I KOy 
am ; 3977.1849 3-111 25,136.33 a*Py —x2D%, 4 3850.097» 5-III 25,966.03 AD — 22% 
ot { Bees et Bite eimeot | fo Ree Bae gp 
+P, : sor3.s01" 1SNi? 25,159.25 Fy —f*P ot 4 3843.692» 4-111 26,009.30 aay — wt Day 
a 1 -3973.1440 «= «10-I 25,161.89 mPa) — 2D ‘ 38420470 30-1 26,020.44 aPF of ~ 540% 
: oF —f4Gs, r 6,024. atFy —y 
Pay 4 —-3972.506v om 25,165.95 {¢ #Oa4 fH) 5 3835.900 x 26,062.13 BPA ~Jsut 
: ae 4 3969.1160 8-Ill 25,187.43 bPiy —wtDy 5 3835.689 10 26,063.57 
Me - soenas .-1tA 25,190.64 {atDo —s1P4 5 3835.497 3 26,064.87 atP1y —2S% 
ma . atF 24 — 384 4 3832.8900 5 26,082.54 atPy —y'P% 
Ps " $008. 2360 “2+11A $8°212.07 atPa yon "0 382352" "Iv $6146.52 eta diasttheg 
‘Phy ; 3965.011 1-IIA 25,213.50 a*F 4 — YG 4 3819.9080 4-II 26,171.24 BPy —vD%y 
Da 4 3960.997y 6-11 25,239.05 bP) — wt 4 3817.9400 18 26,184.73 bP —y2P%y 
MF 9 3958.60 1 25,254.34 Gy —e°Gaj 4 3816.8760 5-II 26,192.03 a*Gaj — x?F%2) 
ty 4 3957.9289 15-II 25,258.62 b'F 4 — 24% 4 3816.4580 15-I 26,194.90 Py —stP%) 
ape 7 3957.629 10 25,260.53 oF —i4F 4 3816.318 15-I 26,195.86 Py —stP% 
Fy 9 3956.59 1 25,267.17 31%) — 194 4 3814.457» 5-III 26,208.64 Py —s Py 
“D4 4 3956.270v 15 25,269.21 atFy — 281% 5 3813.925 30r 26,212.29 Fy —e6Gay 
‘Fay? 4 3954.9540 1 25,277.62 ¢D%4 — Suh 5 3812.470 4-III 26,222.30 atPy —#S; 
Dy 7 3953.612 In 25,286.20 bPy —vt DO 4 381 1.0650 5-1 26,231.97 atF yy — Gy 
IE. 5 3952.917 25-11 25,290.64 aFy —2O%s 4 3808.102» 10-1 26,252.38 Fy — Os 
: :  jostzize = ak 25:208.32 PY Ga 7 = 301338 iw | Sezonst | ata tome! 
4 ° v ’ . 24. 3 ° n . - 
on. 4 3947.125y 3-II 25,327.75 Py —x4Doy i 3799.808 1 26,309.68 atPyy — xt Day 
yy 4 39.46.6339 2-11 25,330.91 Pay — 209 4 3797.4420 1 26,326.07 Day — x4 F%4 
Fa 4 3945.3260 15-1 25,339.30 oF 4 —22F %y 4 3795.8560 1 26,337.07 F% — eG 
5 3944.950 1-IV 25,341.72 Py — iF y 7 3787.345 1 26,396.25 BPy—wD%y 
Ps 9 3944.41 1 25,345.19 sF%, — 12 4 3783.7319 Sh 26,421.46 a* Day — x42) 
sF%y 4 3942.6840 2-IV 25,356.28 sF%, —f*Day 4 3777.543v 6-III 26,464.74 atDay —wt D4 
Ga 4 3941.7280 20-11 25,362.43 Fy — 2 5 3777.078 I-III 26,468.00 at Py —y' PP 
Dy 4 3940.8870 12-1 25,367.84 Fy —2D%y 4 3774.59» 8-11 26,485.38 a@Dy —wt Dy 
yD 9 3939.07 2-V 25,379.54 atP% —e*Day? i! 3771.851 1 26,504.68 SF eah —Si).2} 
2D 4 3938.8560 3-\ 25,380.92 Ps — Gy it 3769.703 1 26,519.78 sF%4 —etDo4)? 
De 5 3937.949 7h 25,386.76 Py —e Py 4 3760.401» 4-11 26,585.38 atPy —s4S%4 
ta , 4 3935.9640 30-11 25,399.58 aFy —y'F% 4 3759.6840 3-1 26,590.45 bPy —y2 Py 
iy 5 3935.287 1-111 25,403.94 Py —P%y 9 3756.30 1 26,614.40 a?Gay —wt Fy 
“Dy 4 3934.7120 1-111 25,407.65 BGay —v* Fy 4 3755.4470 10-11 26,620.45 atDx —wtD%y 
aD 4 3933.9180 6-I 25,412.78 WF y — 26a) 4 3754.3460 4-III 26,628.26 Py —wF%y 
“FY, 5 3933.654 80Ca? 25,414.48 4 3752.7870 10 26,639.32 —11% 
204 7 3933.159 In 25,417.69 Oy Hy 9 3752.18 1 26,643.63 HF % — e8Gay 
=ftP 2} 10 3930.076 1 25,437.63 bP — 245% il 3751.805 1 26,646.29 1D — eH 
2D 4 3929.2560 3-111 25,442.93 Fy) — iF y 4 3751.6250 5-I1I 26,647.57 at Day — x? F%4 
“D% 4 3925.1S1» 3-111 25,469.54 Py —y*PHy 4 3749.930v 9-11 26,659.62 atDy, —s2P% 
“Ga, 4 3922.755v 7-I 25,485.10 atF 2) — yt Fey 4 3745.4919 25-1 26,691.21 oF y —y* 
Ph 4 3921.1040 1-IV 25,495.83 Gy — 4 4 3740. 1860 5-II 26,729.07 a?Dy —x*Gr 
oa : feu St Bes spice | See ge BRAS 
s . - . ° iT io 739. . ° - 
-s, 4 3920.1350 2-111 25,502.13 Py —tP% 5 3735.928 12-11 26,759.53 aD —22 Py 
“eDhy 5 3919.635 4 25,505.38 at, — f*Doy 4 3734.1390 7-11 26,772.35 aD —wt D4 
; 10 3918.627 1 25,511.94 aDy —2P%; 4 3733.4830 12-II 26,777.05 a*D2 —x*F%, 
' Pty 4 3917.1159 8-11 25,521.79 a?Py — x7, 4 3732.3900 20-1 26,784.89 bP 2} —2*P Py 
AH 4 3915.5030 2 25,532.30 a?Pyy — x? 4 3731.2680 2-111 26,792.95 aDy —wt Dy 
Gah 4 3909.9330 15-1 25,568.67 atFy — 2%, 4 3730.4760 20-11 26,798.63 Py —sP%y 
) 9 3908.57 1 25,577.59 Oy — eH 4 37.28.8400 3-I1I 26,810.40 Py —x2S° 
+ 4 3906.287y 10-1 25,592.54 Fy — 2G, 4 3726.6530 5-I1I 26,826.13 otPy — sty 
pat 7 3905.540 2-V 25,597.43 4 3712.1779 6-III 26,930.74 a*Gy —wtD®, 
¥ 7 3904.790 3-V 25,602.35 #F, —f'Goy 4 3711.6460 3-111 26,934.59 Py 9 
4 3904.058r 2-V 25,607.15 G4 —e8H 4 3708.8230 12-II 26,955.09 atDy —x*F oy 


























+ — Ace eB = 
—— = 











RUSSELL, 





TABLE VIII.—Continued. 


KING AND MOORE 














PN Wave No MULTIPLET r WAVE No. MULTIPLET 
REF. IA Int.-TC Vac DESIGNATION REF. 1A Int.-TC Vac. DESIGNATION 
4 3707.465v 6-11 26,964.96 atDy —wtD 4 3581.8730 4-11 27,910.42 a?Py—yapa, 
10 3707.01 — 26,968.28 a°Gay —wtF 24 4 3579.159 3 27,931.63 b8Ga4 —stDat 
4 3704.060v 25-1 26,989.75 atF 4 —y2 Fy 5 3579.029 6-II 27,932.60 a*P\; —tpa,! 
4 3702.237» 12-11 27,003.04 b°Gay — 2H % 5 3578.903 6-11 27,933.58 atP\, — spat 
5 3699.01 4 2e-IV 27,026.55 bap =#HeM 4 3578.0760 6-II 27,940.03 a?Piy —vADey 
4 3. A 5 a - ¥ &Py-—s“ 
5 3693.364 2-111 27,067.91 a ad 3577.688 2-V 27,943.06 (rent nat 
4 3693.1060 8-1 27,069.80 a?Dy —wtF%, 4 3577.2600 3-II 27,946.41 a*P\y — Poh 
4 3690.7150 7-11 27,087.34 aGy —x*F%y 4 3575.361v 60r-I1 27,961.25 atF 34 —24F0,) 
4 3686.4779 2-III 27,118.49 b2Py —x?P%y 4 3574.9670 25r-1 27,964.33 oF aj — yD 
5 3684.479 10-III 27,133.18 aD —x*D%y . lainey sy — ity 
4 3683.0470 20-11 27,143.73 aD —x2D?, 4 3570.350 4n-II 28,000.48 Gy —15 
11 3677.980 1 27,181.13 Fy —22F 4 3569.3700 80R-II 28,008.18 oF y — yp 
10 3677.835 1 27,182.20 aPy — xP 5 3568.426 2-111 28,015.59 bP — 1h 
4 3676.5520 12-111 27,191.68 BGy —yH?s, 4 3564.9470 25r-1 28,042.93 bAF 2) —20 
4 3670.0419 3-Ill 27,239.92 bt Py —wtDoy 5 3564.643 2 28,045.32 bP iy — Dy 
4 3669.2370 27,245.89 atP4 —1 4 3564.1150 4-Ill 28,049.48 24 — fH g 
9 3668.66 1-III 27,250.18 bP 24 —x4F%y 4 3562.912y 7-II 28,058.95 bay —wADny 
9 3664.6 in 27,280.37 26D —eDij 4 3562.097» 6-III 28,065.37 a*Piy —wt Da) 
4 3662.1580 12-II 27,298.56 aPy —wtD% 4 3561.389 1 28,070.98 bP — De, 
4 3660.699v 5 27,309.44 a*P2} —2% 4 3560.891v 20r-I 28,074.87 OF 14 —yADy 
4 3657.9180 2-III 27,330.20 bPy—#D>y 5 3560.306 5-II1 28,079.48 ba, —wiDoe 
4 3656.9620 7-1 27,33 7.34 bP oh = 31D 7 3559.597 1-IV 28,085.08 a?Diy —wiFo, 
10 3656.33 1 342. 4 —2P%, i by —3 
4 3654.4419 5-II 27:356.20 Py —2Po 4 3558.72» = 12-1 28,091.59 1 (Gy — iF) 
4 3652.541p 15-I 27,370.43 a*F aj —stF%y 7 3557.980 2 28,097.84 @Dy — 
4 3651.2549 4-III 27,380.08 a?Guy —wtF 10 3556.120 1 28,112.54 a?Piy —ytI 
4 3649.3207 8-III 27,394.52 BGy —utF%y 5 3553.161 2-111 28,135.95 @Hy — 
4 3648.1407 3-IlI 27,403.45 Gay —w? 4 3552.9890 8-11 28,137.31 Py —x2Do, 
4 3647.6580 12-I 27,407.07 at F iy ~-24F %y 4 3552.7200 8-I 28,139.44 atF yy —stDe, 
5 3647.388 1-1II 27,409.10 BGy —wGry 5 3551.666 2-111 28,147.79 bP iy — aD, 
4 3647.081» 5-III 27,411.41 atPy —v2D% 4 3550.592v 20r-I 28,156.30 atF x4 —2F 4, 
7 3645.440 3-III 27,423.75 atDy —utF oy 4 3550.20v 5 28,159.38 294 —etGy? 
4 3645.190v 5-III 27,425.63 b¢Piy —x4G%oy 4 3548.4380 7-11 28,173.40 a*Pxy — xP, 
11 3645.005 1g? 27,427.02 BGy —wGry 4 3546.880 1 28,185.73 btPy —50, 
4 3643.181v 9-11 27,440.75 atDiy —x*D%4 4 3546.707» 6-III 28,187.14 a*P —stby, 
4 3641.7840 6-11 27,451.28 a*Diy — xD 4 3543.256v 15-11 28,214.59 b*Pa} —wt Diy 
7 3641.673 in 27,452.11 Diy — 33%, 24? 7 3542.976 2-11A 28,216.83 OF y —2Q 
4 3639.4430 10-II 27,468.93 WO Piy —wt Dry 5 3542.508 2h 28,220.55 290%) — AAG 
4 3638.3460 1-III 27,477.21 bP —¥*2S4 4 3540.40” 3w 28,237.33 oF —faPy 
4 3637.45v 1 27,483.98 Gy —w'Gs; 4 3539.4420 1 28,245.00 z —i#Fy 
4 3637.3190 4-III 27,484.97 atPy —v'D®, 4 3538.440 1 28,253.00 bP —xAS%, 
4 3636.7130 6-II 27,489.55 bP iy —wDhy 4 3537.7070 1-111 28,258.85 APY = 
4 3635.060 2 27,502. aGy — 4% * aPy —p 
4 36347130 7-III 27°304.68 oe 4 3534.7690 4-III 28,282.34 | (Sanh pce 
4 3633.340v 2-III 27,515.07 atPy —x*P%, 4 3533.356v 25r-I 28,293.65 atFy— 
4 3632.8390 7-II1 27,518.87 Gy — 22H, 6 3533.081 2 28,295.84 a*P\y yt Pay 
5 3631.948 2-III 27,525.61 BP —x2SY 5 3530.554 1-11 28,316.10 a?Py —yt 
4 3631. 20r-I 27,529.85 atF —2F% 4 3529.8160 80R-I1 28,322.03 Fy — Gly 
7 3628.228 2n 27,553.84 BG —13% 4 4 3529.0320 30r-1 28,328.31 a*F 24 — 
4 3627.806v 25r-I 27,557.04 WF 4 —22G%) 5 3527.947 5-III 28,337.02 bP iy —wtSo 
4 3626.0200 2-II1A 27,570.62 atPy —s*P) 4 3526.8477 100R-II 28,345.86 atF 4 —s1P9 
4 3625.560 27,574.09 shy AG; 5 3525.872 3-II1 28,353.70 b4P2j —2 Pay 
4 3624.955v I 27,578.71 by —y4Doy 5 3525.089 2h 28,360.00 Py —wiP 4) 
4 3624.3370 5-III 27,583.42 atPy —24P 5 3523.701 7-11 28,371.17 bP — xt 
4 3623.020 2 27,593.44 s6F Oy —etD4? 4 3523.4230 25r-1 28,373.41 HF 4 — Dey 
4 3622.359 1 27,598.57 aS — 14% 7 3522.856 4-llI 28,377.98 204 — fH 
4 3621.70” 15R 27,603.49 Dy —e2Diy ? aDy—y 
4 3620.4220 —-5-II 27,613.25  a*Py —x4 Pa . pecan _ 28,387.04 (fee —apay 
4 3620.030 2 27,616.26 atD24 —wtG?s} 5 3521.567 30r-I 28,388.36 Fy —# 
il 3619.285 1 27,621.92 b2Py —wiSo 4 3520.075v 15-11 28,400.39 atFy —s4 
4 3618.010v 4-IIA 27,631.65 atF 4 —y2D%,, 4 3518.3400 SOR-II 28,414.40 a*F x4 — 2D, 
4 3617.489 2 27,635.69 bPy 844 5 3516.675 1-111 28,427.85 bP iy —wtF ey 
4 3615.3870 6-11 27,651.70 bP y —22F %y 5 3516.418 2 28,429.93 2G — Gy 
4 3614.349 1 27,659.74 b2 Pig —x2 PO 4 3516.040 3 28,433.03 2*D%4 — fay 
4 3614.107 0 27,661.51 Py —wtDy 4 3513.820 3? 28,450.92 Oy — cGy 
4 3611.7019 10-II 27,679.92 atPy —w?D%y 4 3513.4780 SOR-II 28,453.72 atFy 2% 
4 3609.7529 4-Ill 27,694.86 b°Gay — 22% 4 3512.6400 60R-II 28,460.51 AF 24 — 4D, 
4 3608.829 3 27,702.02 atDa —y*P%y 4 3512.419 2 28,462.35 bP, — Pry 
5 3608.307 3-11A 27,705.96 Fy —22F 4 4 3510.4260 30r-I 28,478.46 atFy —s 
4 3607.040 0 27,715.72 b4Py —x2D%y 4 3509.8430 50r-II 28,483.19 b4F a4 — 
4 3606.697 7 27,718.39 BGy —x*H%4 4 3506.3107 80R-II 28,511.89 bFy —y 
4 3605.3700 20r-I 27,728.52 bAF 4 —22F 4 4 3505.133v 3-111 28,521.46 Oy —f*F 4 
5 3605.015 5-III 27,731.25 atDiy —wtF%ny 4 3504.7280 5-III 28,524.76 bP y —wt Pr, 
4 3604.4697 4-11 27,735.45 aH —y2H%) 5 3503.717 3-IlI 28,532.98 arGa — 
4 3602.380 2 27,751.52 Diy —35%4 24 7 3502.998 2d 28,538.84 bt Py —wt 
4 3602.079v 40R-I1 27,753.86 a*F yy —34F%, 4 3502.630 20r-I 28,541.81 atF 4 — Dy 
4 3600.803” 3-1 27,763.69 bP y —2P Oy 4 3502.278 100R-II 28,544.71 Fy — Day 
4 3596.5100 5-III 27,796.83 atPy —e®D%y 5 3496.794 6-III 28,589.47 2G — cGy 
4 3595.545 3 27,804.29 bP a} — 3? s 346.681 1 . 28,590.40 ME 4 a 
atF2y — 2th % s x — 595. @Hy —yH% 
4 3594.8700 = SOR-II 27,809.51 {dep wtPA) 4 3495.6820  SOr-II 28,598.57 DAF yf Ay 
4 3592.33 2 27,829.18 y—AtFy? 4 3494.630 2 28,607.17 bP y — 34 
4 3591.7469 4-III 27,833.70 BP y —x2POy 5 3491.987 3-111 28,628.83 {50 —fity 
7,851.31 29O% — Fy ; . a 2°G%4 —2i4 
4 3589.479 2 27,851. 2% —e8 Py 4 3491.3160 15-1 28,634.33 atFy —s1%y 
4 3587.186v 70R-I1 27,869.08 atF yy — y2F%) 4 3490.7360 10-I 28,639.09 WF 4 —2P%y 
7 3586.082 3-111 27,877.66 atGs, —2H% 4 3489.3990 60r-II 28,650.06 uF y — yy 
5 3585.808 4-1l 27,879.79 aD — Py 4 3488.730 1 28,655.56 b2Gay — 16% 
4 3585.1540 25R-I 27,884.88 b4Fy — Dy 7 3487.956 In 28,661.91 btPy —y 
5 4 3487.7120 8-11 28,663.92 b*P2y —wt 
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ARC SPECTRUM OF COBALT 
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» Wave No. 
1A Int.-TC Vac. 
3487.299 2 28,667.37 
3485.700v 4-Il 28,680.46 
3485.3680 15-III 28,683.20 
3483.800 6 28,696.10 
3483.410v 20r-I 28,699.32 
3483.141 2-III 28,701.54 
3482.590 in 28,706.07 
3482.070 3 28,710.40 
3481.520 1 28,714.85 
3481.42” 1 28,715.74 
3480.29” 3 28,725.03 
3480.012y 6-II 28,727.34 
3479.579 1-III 28,730.92 
3478.744 7-II 28,737.81 
3478.555 8-III 28,739.37 
3477.836v 4-III 28,745.31 
3477.649 1 28,746.91 
3476.360# 5n-IV 28,757.51 
3476.002 1 28,760.48 
3474.5300 6-I 28,772.66 
3474.267 6-? 28,774.86 
3474.018 100R-IT 28,776.90 
3473.455 1-III 28,781.57 
3472.707 6 28,787.76 
3472.196 1-IV 28,792.00 
3471.382y 7-111 28,798.75 
3469.683 28,812.85 
3468.973v 3-III 28,818.75 
3468.592 1-IV 28,821.92 
3467.262 1-IV 28,832.97 
3465.7920 100R-II 28,845.20 
3464.959 1 28,852.24 
3463.499 3-III 28,864.30 
3462.804y 60r-II 28,870.09 
3461.173y 15-III 28,883.70 
3460.850 1 28,886.43 
3460.719 4-I 28,887.48 
3460.589 1 28,888.69 
3458.028 3-III 28,909.96 
3456.924n 9-I 28,919.20 
3456.525 1-IV 28,922.53 
3456.437 1-IV 28,923.27 
3455.237v 25r-I 28,933.32 
3454.61 2d? 28,938.54 
3454.479 0 28,939.77 
3453.514y 200R-IT 28,947.75 
3452.324y 3-IlI 28,957.73 
3452.18v 2 28,958.98 
3449.706 5 28,979.70 
3449.441 60R-II 28,981.93 
3449.170 60R-II 28,984.21 
3448.358 4-IIlI 28,991.03 
3447.281 3-IV 29,000.09 
3446.660 1 29,005.33 
3446.088 12-III 29,010.13 
3445.68 2 29,013.54 
3445.445 In 29,015.54 
3445.179 1-III 29,017.87 
3443.644y 80R-II 29,030.74 
3443.420 4 29,032.64 
3443.203 5-III? 29,034.43 
3442.918y 40r-II 29 036.84 
3441.255 3 29,050.87 
3441.140 2-IV 29,051.84 
3439.39y 4 29,066.62 
3438.909 5-1V 29,070.69 
3438.713 4-III 29,072.35 
3438.479 2 29,074.43 
3438.189 3w 29,076.81 
3437.680v 6n-III 29,081.08 
3437.453 29,083.00 
3436.955y 3-lllI 29,087.22 
3436.169 29,093.86 
3435.95y 29,095.71 
3435.753 29,097.39 
3435.149 1 29,102.50 
3433.045y 6OR-IT 29,120.34 
3432.845 3 29,122.04 
3432.318 3-III 29,126.51 
3431.582y 50r-II 29,132.76 
3430.900 In 29,138.55 
3430.810 In 29,139.31 
3429.681 1-IV 29,148.90 
3428.763v 3-III 29,156.71 
3428.222y 6-III 29,161.31 
3427.768 2-IV 29,165.17 
3427.05v 29,171.29 


———.__ 


MULTIPLET 
DESIGNATION 


28D%y —f*P 2, 





bP — 2289 
ny est 


2°G%4 —e6 
OF 4 —21G%) 
Fy —yF% 
a? Py —y2P% 
Pi —y* Poy 
BD — 16%, 
2°G%, —e*Doy 
2°G% 4 —f1Goy 


Day — 35%, 94 


P24 —x2Doy 


2°O%4 — SOF, 
2°Gh, -aci 
2°G%) —e®Go4 
@H 4 —wtGry, 


atF 4 — 2G, 
2°OY%4 —e8Gaj 
atPy —wtD%) 
DF 4 — yt Pony 
29G%4 — eH 6} 
b?D2y — 14% 
GF 34 —y2F%) 
26D%y —f'Gy? 
a?Day —w?D%, 
atF 4 — 24 
aH 4 —x2H?; 
296% —ftHy 


Fy —y*Gs5 
2°44 —e*H 4 
2°O% — fF 
29%, —f6Fy 
Fy YG 


29G%4 — 3» 
2°G%, —etby 
b8Day —v2 P44? 
2°O% —e*H 54 


{ atF 4 —21D%y 


(a*Py —wtD%) 
2°9G%s5 —f6F oy 
2°G% —e®Gay 
2°D% —h*F yy? 
2°) —e6H 34 
@G4 —22H%) 
2°D% —f*Dsy 
2G") — gt 64 
De, a 
z —es 24 
281% —foF, 
oP - spo 
@Gx4 —vt1)%, 
2°D%y — e614) 
26D) —f*Goy 
Fy —ytFoy 
aH 54 —x2H%y 
a Do — xP) 
atF 35 — 24], 
= —FP%, 
28D —e8Gy 
294 — 
26% — fF 
26D% —et Py 

(26D% —i4Fy) 

281%) — iF oy 

20% — gti], ; 
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MULTIPLET 
DESIGNATION 
s¢ —e*Py 
Da! —v Dy 
Py —™ 
aPy —y2S¥ 
a*Piy = 
s —WF; 
sed —aPy 
2124 — gtH 4 
Diy —w*D, 
26D — fF) 
@Py—utDy 
a*Do4 — x4 Pray 
atPy —wtD%y, 
OF 4 —2O% 
a*Py —x2So 
Py —wt 
OF 4 — yt Foy 
ay —7Oy 
Fy —22D%y 
ay — 1G, 
2°G% —e*H 
(ape —18% 
26 124 
af y —stD%y 
Fy —¥G%y 
DF 4 —22D%, 





Fay — as he | 
2°F% —htFy 


2D) —e8Gy 
Py — x2, 
a' Py —wt Dy 
ty —gtHy 
aDy — 
sé —e®Gy 
oD PM, 
Fy —yGy 
ore —— 
s6, —itFy 
Dy —v'D%, 
s*D% — 3, 
@Dy —xt Py 
aPy —2P%y 
@Gy —v'D%) 
Fy — yt Fy 
atPy —2D%y 
Py —utDy 
s6Fo, — Py} 
2°D% —ftH 
Fy —yGy 
2°) — 404 
2°D% 4 —fepo4 
Fd she | —ftDy 
aD —vtD%4 
Py —x* Py 
aGy — 
Gy — gt 

by ee 
Dy —ftHy 


“—-~ — 
ery 
Ded —eDy 
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428 RUSSELL, KING AND MOORE 
i Tas_e VIII.—Continued. 
f == 
4 » Wave No. MULTIPLET » Wave No MULTIPLET 
if REF. IA Int.-TC Vac. DESIGNATION REF. IA Int.-TC Vac. DESIGNATION 
4 3362.797» 29,728.64 Dy —f*Fy 4 3305.1090 2-IV 30,247.51 I. 
10 3362.085 29,734.93 atFy — 2G? 4 3304. 7910 1-IV 30,250.42 oP; —utpa, 
4 3361.5530 29,739.64 28D —e8Gs 4 3304.1190 3-IV 30,256.57 2P hy ~eG 
5 3361.267 29,742.17 a'Py —2P% 4 3303.8819 4-11 30,258.75 atPy —yAPo, 
5 3361.093 29,743.71 oF by —i*F 7 3302.781 1 30,268.83 Diy fF 
4 3359.2840 29,759.73 a*Py, —x*F%y 4 3299.19 0 30,302.49 Fu —AGy 
4 3359.0660 29,761.66 Py —stPe ‘ 3298.6800 6-111 30,306.46 iP) ADs 
@Py—xPy .220 319, 28D —¢ 
4 3358.0039 29,771.08 oP} Dey 4 3296.19» 3 30,329.36 =D) — 4a" 
4 3356.8420 29,781.38 28 F by —f'Ga 5 3294.536 2-IV 30,344.58 2*F 0, — jap, 
4 3356.4640 29,784.73 a?Dxy — S94 4 3294.48» 1 30,345.09 atPyy —5%, 
4 3355.9400 29,789.38 a?Dy —t'D%j 5 3294.098 3 30,348.61 Fy — ett, 
5 3355.118 29;796.68 a?Py —4D9 5 3293.861 2-III 30,350.80 aaj —wiFry 
4 3354.3740 29,803.29 Fy —y'F ony 4 3293.210v 3-11 30,356.80 2F%) —¢ 
5 3354.213 29/804.72 Py —f*F 4 3292.449 2 30,363.94 oP —x4 
4 3351.5390 29,828.50 s*P%s} — 1a 4 3292.22» 1 30,365.96 =F — es, 
4 3351.1380 29,832.06 sFoy —fiGy 4 3292.081y 3-111 30,367.21 Py — yy, 
5 3350.376 29,838.85 26 Fy —htF 4 5 3287.827 5 30,406.49 atP 5 —ws 
4 3349.5190 29,846.49 stF%y —ftDy 4 3287.5750 2-III 30,408.83 Fy —e6 Gy) 
4 3349.2040 29,849.29 28D — iF 4 3287.1920 7-11 30,412.37 b¢Py — Day 
4 3348.12» 29,859.03 aDy —v'D% 5 3286.545 1-111 30,418.35 atPy, — 2250 
5 3347.574 29/863.82 2tFOy —itF 5 3285.874 5 30,424.57 bP — Py? 
4 3346.9320 29/869.55 28F% —e*Da 5 3283.77 3-11 30,444.00 a*P\) — Apo. 
5 3346.310 29,875.10 atPy —x*D%4 4 3283.4660 9-1 30,446.88 aD —utf 
4 3345.570 29/881.69 b8Gy — 21% 44 5 3283.329 4-III 30,448.15 a*Pyj —u259, 
7 3345.146 29,885.50 at Py — 2D, 5 3282.232 1-11 30,458.32 a*Py —ytPo, 
+ 3345.020 29,886.63 38D —f'Gay? 7 3282.041 1-IV 30,460.10 28F%y — AH, 
5 3344.245 2-III 29,893.55 aD —02D%, 7 3281.820 2 30,462.15 aPy — 8%, 
7 3343.530 29/899.94 2F 4 —fGos 4 3281.585v 2-1A 30,464.34 atFa} —22h%y 
5 3342.734 8-111 29,907.07 a?Da —y*POy 4 3279.2540 5-I1 30,485.99 bP — Day 
5 3342.564 29,908.59 4 3278.8420 6-111 30,489.82 Py — Pry 
4 3341.9470 5-III 29:914.11 Py —wD*y 4 3278.105v 2-IV 30,496.67 Foy — ety 
4 3341.341y 5-111 29,919.53 b8Gy —s*F% 4 3277.6620 3-111 30,500.79 28F%4 —feF, 
4 3341.049 5 29,922.22 Dy —wL%y 4 3277.3040 4-III 30,504.12 bP —wtDty 
4 3339.7800 8-III 29,933.51 26F% —eP a 4 3276.4830 4-III 30,511.77 s8Fy —e8(, 
4 3339.15v 4 29,939.15 Gy —s*F%2y 4 3276.230 2 30,514.08 °F —etHy 
4 3338.719 29/943.07 b2D ay — 16% 4 3275.660 1 30,519.40 a'Py — uF 
5 3338.519 1-111 29,944.82 a?Py —x?Poy 5 3273.931 10 30,535.55 
4 3337.50v 3 29,954.00 28D —33 4 3272.760 1 30,546.49 2% —fAGy 
4 3337.17 1» 8-I 29'956.92 Fy Ory 5 3272.405 3 30,549.79 s*F%s) — fF) 
4 3334.450 1 29,981.38 36D — Sy.2 4 3271.78 eH 30,555.64 uP —Dey 
" —y -IV ‘370. fF 
¢ 3334.1460 = 30r-II 29,984.10 {ap} uD) 4 3269.300 3 30,578.80 £*F%) — iF 
7 3333.688 In 29,988.22 t2Gaj — wD ‘ 3268.8940 I-III 30,582.60 DAP sy — 2804 
—yt 1 w (585. atP x, —5% 
4 3333.3880 10-1 29,990.91 { (ePy—eLap 4 3267.9980 1-IV 30,590.99 os 
4 3331.670 2 30,006.36 oF by —f4H 64 4 3267.680 2 30,593.98 2 P —6 
4 3330.819 4w 30,014.12 s*D%4 —f*F 24? 4 3266.479 4 30,605.30 a*Ga4 — 
4 3329.4660 5-111 30,026.24 sF%y —e8Ds, 4 3265.3520 3-111 30,615.77 a*Da} — WDM 
4 3329.0130 2-III 30,030.33 28F%) —f*F 4 { 22a ~98Ps 
4 3328.207» 3-111 30,037.60 s6P% — Dap 4 3264.8420 5-I 30,620.56 | (a*F xy — 4D) 
4 3327.50v 4w 30,043.94 28D) —e* FH 44 { (2¢F% —etDy)) 
5 3326.991 8-III 30,048.57 26F Oy —f9F 4 7 3264.718 Th 30,621.72 a*Py — Py 
5 3326.564 2-I11A —-30,052.43 atPy — wth %y 4 3263.2130 4-II 30,635.84 a*Pyy —wtPhy 
4 3326.380 0 30,054.10 aPij — 6D" 4 3260.8140 9-11 30,658.38 aDy — us 
atPy —2* 4 20¢ —_ ’ . 4 — wt 
‘ 3526.278 i 30,055.06 { Dhy ey 5 3260.286 5 30,663.34 oF aca 
4 3325.430 2 30,062.69 a?Py —w2S% 5 3259.847 3 30,667.48 
4 3325.2400 10-1 30,064.40 bP, —v'D%y 4 3259.200 6 30,673.60 2F%y —eDy 
4 3324.819 w 30,068.26 bGay —V°O%) 4 3258.4180 1-111 30,680.92 Py —wtDYy 
4 3324.700 1 30,069.31 b2Daj — 17% 4 3258.0380 4-111 30,684.53 asP =P 
a@Dy—y¥S% -630 . . - 
‘ 3322.1980 sill 30,091.93 (feet ry 4 3254.2020 = 12-II 30,720.67 DAP a} —a4PO, 
5 3321.912 2-III 30,094.51 a*Daj — uty 7 3253.416 1-IV 30,728.09 Py — DY, 
4 3319.822» 4-111 30,113.46 28F 4 —e*Daj 4 3251.656v 2 30,744.72 Fy —f0F 4 
5 3319.561 8 30,115.83 a*P4 —x2D%y 4 3250.51v Sw 30,755.57 Fy — eM 
5 3319.478 8-II 30,116.58 Fy — 5 3250.335 4 30,757.22 oGy —w*P hy 
5 3319.156 4-III 30,119.51 stFaj —etP 4 3249.9950 6-II 30,760.44 ba = 
4 3318. 1 30,124.60 oF) —f'Ga : 4 — 
4 3318.3980 4-Il 30,126.38 a*Pay —x2D%y ‘ 5247.1700 sil 30,787.20 {gore etl) 
4 3317.930 0 130.63 Py — xP 5 3246.997 +1 30,788.83 tePy —ySh4 
¥ a@Py—t 4 ° 800. Hy —PO% 
. enpipaes os 30,156.94 {Sept — cacy 4 3243.8400 8-II 30,818.80 b* Py — 4 Py 
5 3314.345 2-V 30,163.22 st IF 3 5 3243.579 2-111 30,821.28 asPj — 91 
a'Py —wut 4 .548v $ \ —eHy 
‘ 5514.6¥ Se = 30,165.70 {FaGat ean 4 3241.05» 3 30,845.31 atFy — DY 
4 3313.380 1 30,171.99 s6F Ya —i8P 7 3239-256 ! 30,862.41 a*P2 — Phy 
; s8F —e8D, 4 92» ‘865. - 
4 3313.16» 2-1V 30,174.41 {, ‘Pa ay)! : ao 30:876.25 Dale 
4 3312.8250 3-III 30,177.06 (6% —##F'y) 4 3237.0280 8-II 30,883.65 atF 4 — 
5 3312.27 a 30,182.05 asPy "D9 5 3235.783 Sh 30,895.53 mPy—y 
5 12.1 - 30,183. 1) — PY atH 4 — 
4 3311.489 30,189.28 Gy —PO ‘ 5235.5329 oil 50,897.93 (Ps — Dy 
4 3310.169 30,201.32 a?Dy — 0D, 5 3234.19 1-IV 30,911.43 b+ Py — PO 
5 3309.017 30,211.79 b2Piy —u2F%5 4 3232.8740 60 30,923.33 a?Dy — 
4 3308.8140 30,213.64 2 F%, —e*Da4 4 3229.360 3 30,956.93 Fy —f¥Fy 
7 3308.688 30,214.79 atDy —y*P%4 4 3227.752v 2-I1A 30,972.40 atFy —8 Py 
4 3308.4820 30,216.68 Py 4 3226.9860 4-II 30,979.75 atP; —u*P 
5 3307.473 30,225.89 atu) — HP 4 3226.250 6 30,986.84 sF = 
4 3. ° ,228.79 uxt ~ ena 
4 3306.404v 30,235.66 sFO, tay . 5226.15S¢ 3 30,987.77 | get, —54.4 
4 3305.7300 30,241.83 oF) — fh 2, 4 3224.632v 4-Ill 31,002.37 Py —# Dy 
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— cates 
PLET r WAVE No. MULTIPLET » WAVE No. MULTIPLET 
ATION REF. IA Int.-TC Vac. DESIGNATION REF. 1A Int.-TC Vac. DESIGNATION 
3223.147 1-I11A 31,016.65 b4F yy —y2D%2 ¥ { atPy —22 Do 
Pay : 3220.620 4 31,040.99 Fy — fF 5 ¢ 5109.5860 tn 32,150.15 { (cep, yepay) 
‘Gy 4 3.219.150: 5-II 31,055.17 atFy —22F% 4 3108.48 1 32,160.74 atFy —S%y 
em 5 3216.996 1-111 31,075.95 Py —t Dy ** 3108.223 1 32,163.40 atPy — yt Sy 
Fy 4 3215.3320 1-I1V 31,092.04 2% —e*H 4 4 3107.5400 1-I\ 32,170.49 atPy —v Py 
on 4 3211.019 en $1,133.87 2 F%) — Gay s $107,044 att 32,175.62 a*Py — Dy 
3210.850 3n-IV 135.41 3106.142» 1-II1A 32,184.97 b'F 4 —y2D% 
“thy : 3210.2190 5-III $1,141.56 atDuy — a Dg ‘ 3105.9299 $11 32,187.18 DF — Fp 
2 3209.800 1 1,145. 4 Po —vtD%y 103.98 5-II 32,207.35 atP 4 — xt Pr, 
4 et a ee 
3205.8830 -IV 183. 2 Do, —s® 102.4059 4- 32,223.74 a*Py —v'D%; 
aby ; 3205.40v 0 31,188.34 oF SD 4 3100.330 5 32,245.32 ODay — 23%, 
APY 4 3204.779 1 31,194.54 2°F% —e*H 4 3100.159 6d 32,247.22 aDy —wt PP) 
*Ga 4 3203.0260 4-1 31,211.49 atFy —¥D%y 4 30996670 2-111 32,252.20 Py —x2S% 
+54 3 3199.3220 4-1 31,247.62 a*F 4 —y'D%4 4 3098.1940 10-11 32,267.53 oF — Gs, 
M4 4 3198.660v 5-II 31,254.09 bAF 1g — y2P ng 4 3096.705v 2-111 32,283.05 atDiy — x4) 
4 3196.93» Qw 31,270.96 +P —wtD%y 4 3096.4020 3-111 32,286.21 atPy —y¥*P%y 
‘ 4 3196.740 1 31,272.86 2% — 494? 4 3095.7160 3-11 32,293.36 a*Py —v'D 
Gay : 3196.423 1 31,275.96 b2Dy —u2 Dy 4 3090.2519 4-Ill 32,350.47 bPy —HD%y 
xy 4 3193.1640 SIL 31,307.88 aie =F 4 4 3089.5960 10-II 32,357.33 at — 9's 
3192.2200 - 317. 4-3 tL, atF 24 —x*D% 
Pe? ; 3191.2979 4-II 31,326.20 atFs PO . 5088.6060 I-IIIA 32,366.97 | (Gap —wASmy) 
PA 7 3190.910 1 31,329.99 atPy —12%4 4 3087.8060 3-111 32,376.09 b¢Py —1D% 
— 4 3189.752v 5-1 31,341.37 ay —yD%y 4 3087.35 2 32,380.91 a?Diy —8% 
Po! 4 3188.377v 7-III 31,354.88 Py —w2F yy 4 3086.83v? 1? 32,386.30 Py — Py 
aH 4 3187.60 3 31,362.52 BPy — 16% 4 3086.7779 15r-II 32,386.88 ay —yF%y 
4 4 3187.340 4 31,365.13 a?Py —w?PY 4 3086.3930 4-Ill 32,390.90 a*P3 —2D%y 
a 4 3186.3500 5-1 31,374.83 atF 2 —22F 4 4 3085.650 3 32,398.72 atH 4 —25% 
na 4 3185.9480 2-111 31,378.79 b§P2y — yt Sy 4 3083.7490 1 32,418.68 atPy =wDhy 
+a 4 3182.1180 7-111 31,416.55 Py — wt Dy 5 3082.844 2-111 32,428.19 bP —utD%y 
oy 4 3180.2900 2-11 31,434.61 atDy —utD% 4 3082.6140 12r-I1 32,430.61 atF 4 — yOu 
iF) ‘ pth aA 31,499.18 a*Day — Ds 4 3079.3940 5-11 32,464.52 (eps ma 
o i 4 3174.9059 4-Ill 31,487.93 b4P2y —v2D%y 4 3073.5207 3-111 32,526.56 atPy —y'Sy 
an 4 3174.140v 2-111 31,495.51 atH x4 —v2G%4 5 3072.664 20 32,535.62 aPy —vP%, 
aA] 4 3173.560 1 31,501.30 Px —y2P%Y4 4 3072.3419 15r-II 32,539.04 atF 4 —y*F%) 
Py 4 3173.1400 ‘Ut 31,505.44 oP — : poets a5 yt rat atFy —2D%4 
169.7660 9- 31,538.97 2Dy —v2F% s 3070.857, -IV 2'554.77 2D —witF 
ftGy : 3168.060 6-III 31,555.96 - aa, ~Po 5 3070.752 5 32,555.88 Pha sPy 
nba 4 ——-3161.6520 5-IIl 31,619.91 AP sD 7 3070-550 1 32,558.02 Py —x4S%) 
% atF yy — D9 4 340 1 32,560.26 Py —x2P% 
re 4 3159.6629 10-11 31,639.83 | Fa AFA 7 3069.032 1 32,574.13 Py — wD} 
4 4 3158.7720 12-I1 31,648.74 atFy —y'Gy 4 3064.3700 5-II 32,623.68 atFy — yO 
50, 7 3158.458 1 31,651.89 atPy —w?D%y 4 3063.250 1 32,635.58 atPyy —2D%) 
i 7 3158.293 1 31,653.54 atF yy —22D%y 4 3062.460 1 32,643.97 a*F x4 — 2%4? 
A 4 3157.090v 1-III 31,665.60 a?D2y —14D% 4 3062.1990 5-11 32,646.81 atF yy —221%4 
sty 4 3154.7940 10-11 31,688.65 Py —utD%y 7 3061.983 1 32,649.11 atPy —y2POy 
My 5 3154.678 5-III 31,689.81 aDy —x2P% 4 3061 .8220 20r-I1 32,650.83 a'Fy —y*Fey 
pot 7 3153.692 1 31,699.72 atFy —20%4 4 3061.0130 1-111 32,659.46 a*P —w?D%y 
am 4 3152.707» 6-111 31,709.62 bP —utD% 4 3060.0487 5-III 32,669.76 Py —HD% 
at 7 3152.120 1 31,715.53 a®Py —12%4 4 3056.6680 2 32,705.88 a*Da4 — 10%) 
ape 5 3150.819 2- V 31,728.62 s 3054.724 4-11 32,726.69 a'Fy — Oy 
5 3150.655 2-V 31,730.27 § 4.132 18 32,733.04 atF 4 —2°G%s 
wiPAt 4 3149.3100 10-II 31,743.82 atFy —y'D%y 5 3050.932 60 32,767.37 oP - Shy 
~~ 4 3147.0600 = 15r-II 31,766.52 atF yj — yy 4 3050.4960 3-111 32,772.05 bP y —hD%4 
PY 4 3145.499 15g? 31,782.37 bP; —y2S% 4 3048.8880 12r-I1 32,789.34 a'Fy —y*F%) 
“eMC 4 3145.0220 3-III 31,787.10 atP; —2D%y 4 3048.1080 2-1V 32,797.73 bP, —D% 
; 4 3143.8140 2 31,799.32 Fy —y2D4 004: + atFy —y'F° 
SD 4 3140.715v 2-IV 31,830.69 MP) — 250 ’ : poreeseee mg pot {oes —eF%) 
: . ay —y* De 4819 - 858.38 atF 4 —y'G"s 
“es .— —- (GaP ea 4 3040812 IV, 3287642 tPA Dy 
7 : 31,849. Gy —vFe 5630 - 32,889.93 a*Px —y2P% 
xD 4 138.362 2 ™ 31,854.58 Pay —wt PY ¢ 3038.3029 2-111 32,903.57 at sy —x4D% 
4 137.7550 4- 31,860.72 {Py —yi po a 4320 6-I1 32,945.53 4F 4 —22D° 
Sa 7 3137.454 3-IIl 31,863.78 aD ePYy 4 3034.08 1 32,949.30 Di} — 3445 4 
wht, 4 3137.3280 10-11 31,865.05 atF iy — y's) , siete {bepy'—23% 
YP 5 3136.999 1-11 31,868.40 atPy — Py 4 3031.519 0 32,977.28 aay — PH 
ADM, 4 3136.7260 5-Il 31,871.17 atF 4 —22F 4 4 3031.2880 2-111 32,979.70 Py — Sy 
-¢'Hy) t 3432-2180 1 3101708 trea! i 3026.3730 6-111 33.033.2¢ bP —4D% 
: 31,917. aj — 22s 3730 - 033.26 4 —MD%y 
Sy 4  —-3131.829» 1-IV 31/921.00 oP Py 
of ¢ 31,921, 14 —xtPe . a*Py —y*Po 
os 4 3129.481v 3-III 31,944.95 Pay — wt Fy —— : monpenapie {best — Fey ' 
Py 4 3129.006 3-II 31,949.80 bAF 4 —y2D%y 4 3023.590v 1 33,063.67 Py — wide, 
ray 4 3127.252v q~] 31,967.72 b*Fy —y2F oy 4 3023.119 0 33,068.88 a?Dy —11% 
“ADM 5 3126.725 4-Ill 31,973.11 a2Diy —BD% 4 3022.355v 3-111 33,077.18 a'Ps} —utDoy 
Pe 5 3126.488 1-IV 31,975.53 aD —24S%4 4 3020.969 1 33,092.46 a* Pry — wry 
c/a 5 3121.566 10-1 32,025.95 at —y* Foy 4 3020.859 2 33,093.65 tH 4 — 25% 
,- 5 3121.415 10-11 32,027.50 atFy —y'D%y 4 3017.5480 1Sr-II 33,129.87 atF 4 — yt Py 
20% 4 3120.100 3 32,040.98 P24 —w8 Fs) 4 3017.2540 3-III 33,133.09 bs Po —v*F%y 
2 7 3119.154 1 32,050.71 a2Dy —7%q 4 3015.6860 3-Ill 33,150.32 bP» —xt Py 
; ' ; 056.04 atF yy — 27% 4 3010.019 0 33,212.85 “Py —wtD% 
-92D% 4 3118.2490 5-11 32,060.01 at —ytF%y 3007. tty ot amet 
“Phy 4 3116.75p 1 32,075.40 a*Diy —4D% 4 3007 .599 1 33,239.51 aPy —wt Py 
- WD 4  3114.118 ——-10Ni? 32,102.54 ‘Py—v'Do : a : San 06l NON 
- 4 > >t 102.5 aPy ' 4 3005.9740 2 33,257.43 
—f*Fy 113.4730 6-III 32,109.19 atP 2 —xt Py 4 3005.7660 3-IlI 33.259.7 al 
- 5 3111.330 : . 3,259.72 bP —#D%y 
F%sy , 2-111 32,131.21 Py —utDY 4 3000.5459 7-II 33,317.5 ‘Fy — Ge. 
a) 4 3110.8219 5-1 32,136.56 atF 1, —ytF% 7 2999.714 1-IV 331326.82 ape Pty 
=, ‘ st 10.629 s 32,138.63 bP —x2P%y 4 2998.080 3 33,344.99 a°Gay — u2F%) 
= ; 5-III 32,144.83 atDy —0*F 7 2996.945 1 33,357.62 a*P\y —utD%) 
- yt, 4 





** Measure by R. B. King, communicated by letter, January, 1940. 
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——— 
rd WAVE No. MULTIPLET r Wave No. MULTIPLET 
REF. 1A Int.-TC Vac. DESIGNATION REF IA Int.-TC Vac. DESIGNATION 
—— 
4 2996.76 2 33,359.70 OG — ws 4 2859.6540 40 34,959.02 oF oj —x4Dty 
4 2996.5490 1-IV 33,362.02 bP —4D%y 4 2857.980 0 34,979.48 Gy —3 
7 2995.248 1 33,376.51 a2Diy — 11%, 4 2857.219 1 34,988.97 oP werkt 
4 2095.1500 50 33,377.60 aGy — 4 2856.98 0 34,991.72 oF 5 — xP! 
4 2990.519 4 33,429.42 a* Po} —w*F 4 4 2856.049 1 35,003.20 BG — 3644 
4 2989.5900 —15r-II 33,439.68 atFy —y@y 4 2851.740 2 35,056.03 oP ~ 80)" 
4 2987.166v  —:15r-II 33,466.81 atFy —y'F%s 4 2850.9477 30 35,065.79 atF 4 —y2Day 
4 2986.100 0 33,478.74 a°Gaj — 12 Fy 4 2850.0477 75 35,076.86 a?F oj —#Pa, 
4 2983.68” 0 33,505.88 atPy —ut DY 4 2849.38y 2 35,085.03 a*Doj — 16% 
4 2983.50” 2 33,507.96 a*F 24 —z24*P%; 4 2848.61v 0 35,094.59 GF 24 —x* Foy? 
4 2982.2620 1-III 33,521.84 a*F xj —s*Py 4 2842.3820 30 35,171.44 bP, — Pay” 
7 2978.950 In 33,559.11 b'Py —w Py 4 2837.184v  75r 35,236.25 a?Doj —w 
4 2978.0100 30 33,569.70 Py — 45%, 4 2836.649 0 35,242.68 @Gy — 
4 2977.4620 1 33,575.88 atPyy — uD} 4 2834.428 50 35,270.14 by — xt 
4 2975.4640 4 33,598.43 atP 24 —utD%s4 4 2833.9220 40 35,276.43 a'F 35 ~y*Duy 
4 2975.35v 1 33,599.68 a*Py —17% 4 2828.4660 15 35,344.48 
4 2973.123» 1 33,624.88 a?Pyy —wt Phy 4 2826.7977 SOW 35,365.34 bPy —st 
4 2972.939 1 33,627.05 a*Py —x2S 4 2825.899 0 35,376.66 a*Dij —stDay 
4 2972.300 0 33,634.23 a?Diy —12%4 5 2825.151 735w 35,385.95 OP iy —wAP ay 
4 2971.3630 1 33,644.78 OP ay —7% 4 2824620 1 35,392.58 a*Dij — 16% 
4 2969.799 1 33,662.60 a?F 4 — 2% 4 2824.45y 1 35,394.68 OP} — uy 
7 2969.617 lw 33,664.58 bP — 23h 5 2823.647 Sh 35,404.80 
4 2969.240 2 33,668.84 any — 22H 5 2821.745 30h 35,428.66 aC AP ty? 
4 .1l60 1 ‘ s atF sy, —xtF% a?Fy —x2 
4 2957.6720 50 33,800.53 a*Dsy — Py 4 2820.002v 8 = 50 35,450.55 (ore ae 
4 2055.382» 30 33,826.72 5 2819.174 10 35,460.97 a*F2} —x2Doy 
4 2954.830 1? 33,833.01 aD —wiGy 4 2818.5920 30 35,468.29 a*F x4 —y2Da, 
4 295}.699 1 33,868.99 atPy —utD% 4 2815.5550 50r 35,506.54 OF 3} —x4Doy 
4 2948.490 1 33,905.74 a°Ga4 —s*D% 4 2814.9760 25 35,513.85 as — Py 
4 2948.300 2 33,907.94 Gy —y*H%, 5 2812.449 3 35,545.75 OF iy 245, 
4 2946.019 0 33,934.36 a?Daj —u2F%24 4 2811.508  — SOw 35,557.65 b*Paj —st 
4 2044.580 2 33,950.79 a°Gay — 15%? 4 2811.1260 50 35,562.48 a*Gs, — AF, 
4 2943.479 30 33,963.50 a*Day —st 4 28040980 5 35,651.61 bP) —stDay 
4 2942.624v 1 33,973.37 a*F 4 —x4F%) 4 2803.7700 100 35,655.78 b¢F 2 —xtDy 
4 29.41.9930 1 33,980.66 Py —wtP% 4 2800.420 00 35,698.48 a*Da} — 18% 
4 2941.1820 1 33,990.03 a*Py —x*S% 4 2799.379 0 35,711.83 aH 4 — 36,4 
4 236.5460 1 34,043.68 | (Spa 4 2797.0810 «50 35,741.04 {pA Tw 
4 2934.014» 5 34,073.06 * ‘b4Py—11%y 4 2796.228 50 35,751.94 dF yy — xD, 
4 2929.505v 75 34,125.50 Gy —wGy 5 2795.819 15 35,757.17 Fy - 
4 2928.812v 50 34,133.58 atF 4 — yy 4 2792.4360 40 35,800.49 a*F sj —wDiy 
4 2927.970v 4 34,143.39 @Gy — wa 4 2791.4300 2 35,813.39 
4 29276677 50 34,146.92 a?D» —v2P%, 4 2791.000 50 35,818.80 b+Py —wtPry, 
4 2019.552v 30 34,241.83 a2Diy — wt Fey 4 2790.2840 30h 35,828.10 
4 2917.12v 1 34,270.38 a*Ga — 13%, 44 4 2787.0160 5 35,870.11 a*Gay —s? 
7 2916.041 1 34,283.06 aF iy —y*Doy 4 2785.8990 50 35,884.49 aD —w' 
4 291 4.6080 7 34,299.91 a?Py —wD%y 4 2782.2580 3 35,931.45 b¢F xj — 4S 
4 291 1.9700 5 34,330.99 Pig —12%4 4 2782.119 0 35,933.40 atF 24 —wiQhy? 
4 2911.560v 5 34,335.82 oF yy —x4F oy 5 2781.032 8 35,947.28 
4 2910.319 1 34,350.61 a*F xj — x4 4 2778.8130 = 75 35,975.99 b¢P xy —wt Pry 
4 2909.9840 4 34,354.42 a*Py —xtS% 4 2775.578 50 36,017.92 aD 2} — F's, 
7 2907.670 1 34,381.75 aD —wsph 4 274.9607 50 36,025.94 MP —26Ds 
“ (aPy—2 4 2773.680 6,042. a°Gaj —12G4y? 
7 3988.596 ‘ 34,406.53 {Gaps} 1 50h 4 2772.6920 30h 36,055.41 a*D i} — 2044's 
7 2905.496 1 34,407.48 a*Py —#D%, 4 2772.54lv «15h 36,057.37 
4 2905.1320 3 34,411.79 4 271.697» 9h 36,068.35 bP; —stDy | 
4 2904.2900 2 34,421.76 atPx, —14D% 4 271.3240 1 36,073.21 bPy —stDhy , 
4 2903.1970 25 34,434.72 @Gy —x27H%44 4 2770.100 0 36,089.13 bP — 16% , 
4 2901.530 1 34,454.48 a2Dy — Poy 4 2769.6590 10 36,094.89 a?F 2) —wtFhy , 
4 2899.8197 25 34,474.83 a?Diy —0*P% 4 2768.6860 20 36,107.58 a*F 2 — wy 
4 2899.730 4 34,475.90 ay —x*F%y 5 2768.294 9 36,112.69 a?Fy —*Fy , 
5 2895.891 3 34,521.59 a*P2} —0*F%y 4 2766.3820 SO 36,137.65 btF x4 — 1D } 
5 2895.485 20 34,526.44 atFy —2*P%y 4 2766.2150 50 36,139.83 a*Gaj —2°Oy 1 
5 2895.335 4 34,528.23 4 2764.188  100r 36,166.33 Fy — Diy 1 
4 28922420 25 34,565.15 4 2763.0620 1 36,181.07 BGs —37%y,4 
4 2889.845v 3 34,593.81 4 2761.3660 75 36,203.29 b4F 4 — ty . 
4 2887.140 1 34,626.16 oP, —w* Poy 4 2758.538 30 36,240.40 b+ Py —wAPAy ‘ 
‘ 2886.860 2 34,629.61 AG — 16% 4 2754.260 1 36,296.64 aD = : 
2886.4440 34,634.57 oF 4 —y2 aD — 
7 2885.307 3 34,648.22 oP —#D%4 : ear po pont . (eds —8F4y) ‘ 
‘. aGy —2 2750.141 1 351.05 4- 
q 2884.074 1 54,663.03 (ipa —11% 4 2746.0280 50 36,405.49 oF — why 4 
4 2883.6020 15 34,668.71 a2Dyj— ste 4 2745.098 50 36,417.82 aD “4m 
aPy—u? + 2740.457v 479. ary — 
¢ 2882.218e = 3D 54,685.34 {erst SD) 4 2732.8480 2Coll? 36,581.05 bij —wtPY 4 
4 2881.8760 5 34,689.47 a2Diy —wtP%2, 4 2731.1120 sow 36,604.31 a?Dy —#D%y 4 
4 2879.612v 25 34,716.74 a*Gu — 15% 4 2728.754v 3 36,635.94 aGy —F%y 4 
4 2878.558 12 34,729.45 b'Py —v2P%, 4 2723.050 0 36,712.71 Pa -2 4 
4 2876.860 2 34,749.91 bP, —vt Py 4 2722.106v  SOw 36,725.40 at Diy — ut 4 
4 2876.820 2 34,750.47 a*Px — Dy 4 2719.581v 25 36,759.50 a?F 4 —w'P%y 4 
4 2876.3830 3 34,755.71 a*Gsy — 17% 4 2715.9870  7Sw 36,808.14 aGy -8O% 4 
4 2875.4380 2 34,767.13 4 2709.29v 0 36,899.10 OF sj — 1%? ‘ 
4 2874.1960 4 34,782.16 oF —wtD%y 4 2708.8100 30 36,905.66 aGy — 
4 2873.320 5 34,792.77 a*Py —7% 4 2707.999 1Coll? 36,916.86 atP 2, — ut Phy 10 
4 2872.4970 15 34,802.73 oF —w'D%y 4 2705.8430 1SwColl? 36,946.12 a'P2, —s'D%y : 
4 2871.060 1g? 34,820.16 a*P2| —0*F% 4 2705.412» 3 36,952.01 atF 4 — ‘ 
4 2870.506v 3 34,826.87 atF yy —x4G%4) 7 2700.298 1 37,021.98 bt Py — AF %y ‘ 
4 2867.4630 4 34,863.82 4 2695.8460 SOw 37,083.12 Fy — Py ‘ 
5 2863.538 3 34,911.61 4 2694.3920 25 37,103.13 atP\ —s*D%y ‘ 
7 2862.768 oh 34,921.00 Py —12%4 7 2692.479 1 37,129.49 a'Py —Phy : 
4 2862.602» SO 34,923.02 atF 2) —y2F%y 4 2685.3360 9 7Sw 37,228.25 btF xy — x4 Fy 
4 2861.351v —15r 34,938.29 Py —18P 4 4 2680.1047 25 37,300.92 Py —u Dy -_ 
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- 
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ree ee 


2679.751v 
2677.021v 
2675.9800 
2675.546v 
2673.9189 
2669.575v 
2668.089 

2661.7140 
2657.3400 
2650.2660 
2649.931v 


2648.635 


2646.413” 
2644.7720 
2642.884v 
2636.365 

2632.89” 

2631.215 

2629.970v 
2628.761 

2627.638” 
2627.031v 
2626.122 

2624.795v 
2623.96” 

2623.755v 
2623.440v 
2622.4300 
2622.250v 
2622.059v 
2619.2760 
2617.859v 
2616.260v 
2615.336v 
2614.1240 
2613.8940 
2613.492v 
2610.7620 
2608.900v 
2606.120v 
2602.581v 
2600.9779 


2599.200v 


2595.9860 
2595.2140 
2594.161v 
2593.0700 
2592.5630 
2591.686v 
2590.594 

2589.300 

2585.335v 


2577.446v 
2575.7330 


2567 .344v 
2565.985v 
2564.566v 
2562.1240 
2561.2800 
2560.0270 
2559.595v 
2556.7620 
2555.074v 
2553.3370 
2553.0040 
2551.2300 
2549.2960 
2548.8750 
2548.3330 
2548.194y 
2544.862v 
2544.2529 
2543.2320 


2538.70 


2538.3390 
2536.5030 
2535.9619 
2535.359v 
2532.176v 
2531.3540 


Int.-TC 


Wave No. 
Vac. 


MULTIPLET 
DESIGNATION 


Int.-TC 


WAVE No. 


Vac. 


MULTIPLET 
DESIGNATION 





75W 
0 

10W Coll? 
1 

25 
2 
1 
2Coll? 
0 

S50w 

SOw 
5 Coll? 


10w 
10w 
10r 
5 Coll? 
3 
In 
30 


3 
sow 
2 


30r 


37,305.83 
37 rowed 


37,744.07 


37,775.76 
37,799.20 
37,826.20 
37,919.72 
37,969.73 
37,993.94 
38,011.93 
38,029.41 
38,045.66 
38,054.45 
38,067.62 
38,086.86 
38,098.95 
38,101.97 
38,106.54 
38,121.21 
38,123.83 


3 
40w Col +II 38,126.61 
5S0w 


4 
25 CoI+IlI 
40w 


1g? 
40 


3 
20 Co Il? 
0 

4 
50r Co Il? 

1 


<1 

6 

1 
10r Co I1? 


5 
10 Coll? 
5 


38,167.11 
38,187.77 
38,211.11 
38,224.61 
38,242.33 
38,245.69 
38,251.58 
38,291.57 
38,318.90 
38,359.77 
38,411.93 
38,435.62 


38,461.89 


38,509.51 
38,520.97 
38,536.60 
38,552.81 
38,560.35 
38,573.40 
38,589.65 


39,308.25 
39,378.41 


39,384.02 
39,412.52 
39,420.94 
39,430.30 
39,479.86 
39,492.68 


aF a —x? 
Pa me on 
OF y —xtF% 
atPy —wt Py, 
a*D2y —23% 
atPy—stD%y 
b*D2y — 37%) 34 
btFy—1 
atDy —24 
OF y —x4F%y 
a*F a —v*D%y 
(ree —xtF% 


bP ay —s*F a} 
btPy —23% 

aFy —wtDy 
b'P4 —02D% 


btFy — x4 
OF y —2 PY 
a*P 2 — 16%) 


atPy — 1% 
atFyy —ytS%y 
OF 3 —xtF%y 
bF 23 —x4Gsy 
Fy —A@y 
Fy —xtG%y 
IF yy —wtDy 
Fy —wtD%y 
a?F 24 —v2D% 
aeFy — Dy 
atF 4 — 

orn —wtDs, 


bIFy — xt 
atPy—wtPYy 
ass De 
a*F 2 —ut 
Fa —xtP oy 
(ore —2 Py 
atPy —19%y 
OF 2 —x*Gy 


atFy —x*D%y 
OF 3 —wtDy 
aFy —xt Py 
bF23 —wt Dy 
ary —?Osy 
a?D2y — 294 
a*F oy —w*F 5 
atP3 —19% 
b4F 24 — x2 Fy 
a?F a —w? 
Fy —@y 
ary —S%y 
atFy —xtDy 
b'Fy —3 

Fy —2 Py 
btF jy —x*F sy 
aFy —vtD% 
a*F 25 —utD%y4 
atF 2 —x*D°xy 
a@Dy —31% 
b¢P2 —23% 
atFy —x*Dy 


DF —xtGy 
btF 3 —u*Dy 
OF y —wtF 4 
Fy —wtPy 
oF 2 —wt Py 


atFy — Sy 
btFy —x2 Dy 
Fy —vD%y 
b1F 4 —x*D%y 
OF y —x*F oy 
a*F yy —x4D% 
a* P24 —s*Foy 


{a?Fay — 
) Fy = 2a? 


OF y —x2F % 
< 24 Sp 
a*F 3 —ut 

btF : —ut Poy 
OF y —wt@y 





4 
4 
5 
4 
4 
4 
5 
4 
4 
5 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
9 
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4 
4 
4 
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4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 
4 
4 
5 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 


2500.494v 
2496.7130 
2496.45v 

2495.551v 
2494.730v 
2493.930v 
2491.159 

2490.029 

2489.620 

2489.507» 
2489.2490 
2488.46lv 
2485.952v 
2483.613v 


2464.6159 
2464.459v 
2463.776v 
2462.122v 
2461.5629 
2460.8000 
2460.1950 
2456.237 

2453.382v 
2451.747v 
2451.2370 
2448.505v 


2424.9327 
2422.5680 
2421.6880 


5 

40w Co II? 
R 

3 Coll? 


4 
4Coll? 
Seiad 


Fue ase 
Ca 
pe 
—— 


- 
=e 
~~ 


—_ 
won 
2 


—_ 
Omnennua-= 
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_ 
=~ 


S roo en SB ss c0 en 


: Rep [s) 
sitieinceiatiaaaiitnaaia: ing NR 


N 
2) 
° 
= 
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39,505.29 
39,511.72 
39,529.96 
39,542.16 
39,582.24 
39,623.45 
39,649.16 
39,656.31 
39,686.54 
39,704.17 
39,705.39 
39,748.28 
39,779.22 
39,782.68 
39,812.48 
39,827.01 
39,840.80 
39,848.80 
39,865.52 
39,873.62 
39,878.32 
39,906.43 
39,915.82 
39,926.30 


& : 
N . . 
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3 


ae ee ee ee 
nn 
ae 


Sewwernn=-=— 
neo 


= 8 


SSoBe2ee%8 


CAaae CuK 
“3 


SSeees2e 
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i) 


wr 
od oh 
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tn in in tn in ee 


Bae: 


sD 


SUUDaSD 
sESES5 


SIA ute t= = OO 
Caen a 
co Mite 100 
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41,280.96 


btFy = 
btF yg —wt Py 
atFy —xt*D% 
bYPy —31%? 
bOYF iy —y 
b4Py —32%4? 
atFy —x Dy 


aFy —wF 
btF a —wiGy 
DF y —wtPy 
b'Py —26% 
btF 4 —x*7 Dy 
ary —wtF 
OF ay —wtF 
bYF 3 —4%y 


Py —vPy 
Fy —wtF 
a?*F 2 —x*P% 

b'F 2 —wtGs, 


b'Fy —wt Dy 


bP — 28% 
@F sy —utD, 
Py —31% 
Fy —y' Py 


OIF y —wtGy 
b¢Py —32% i 
Fy —wtF°y 
b'Fy —x*°Fy 
a?Fy —4D% 
b*P yy —vtF sy 
b* Py — 33% 24 
a*F 2 —v*F%, 


atFy —2tPy 
ay —2 Py 


OIF y —wity 
@Fy —xtS%, 


Fy —wtFy 
a*F 4 — 7%? 
a*F 3, —6% 
atFy —xth Gy 
OF 3, —w'G"s; 


btFy —wtG 
atFy —xtF% 
btPy4 —31% 
atF a —2' Ps; 
eFy —w Py 
atFy —2t Py 
atP — 24% 
bt Fy —w? Ds) 
atF yy —xtF%) 
b4P2 — 32% 
oF y —wiGrsy 


oF — Dy 


Fy —xt Py 
@Fy —vF% 
bP yy —xt PY 
dF ya —wtGss 
b§ P24 — 34% 4 


bAF yy — xt Py 
a°Ga — 36% 4 
re —#Hty! 


ay —xtF%y 
b1F 2 —w* Dy 
a*F yy —4D%, 
atPy — 27%) 
atFy —xtF 4 
ay —1% 


b'F a —2Oy 
atFy —xtF% 
Fy —vDy 
atP2 —26% 

atFy —2* Py 


btFy —xtP%y 
atFy —xtPy 
a*P x — 27% 

b'Fy —v'D%y 


























432 RUSSELL, KING AND MOORE 
TABLE VIII.—Continued. 
—_—_ 
N WAVE No. MULTIPLET r Wave No. MULTIPLET 
REF. IA Int.-TC Vac. DESIGNATION REF. IA Int.-TC Vac. DESIGNATION 
4 2419.8280 6 41,312.69 b*F 24 —x* Py 4 2347.657» 4 42,582.60 oF y —wt 
4 2419.3249 10dt 41,321.30 4 2346.1619 7 42,609.75 atF 3, —x2 
4 2419.1229 20w 41,324.75 5 2342.793 2 42,671.00 a*F 14 —y4P ay 
4 2418.580v 41,334.01 4 2341.784v 4 42,689.38 
4 2418.4760 1ColIl? 41,335.78 4 2340.99 5 42,703.8 b4Fy —uADe, 
4 2417.3290 25 41/355.40 4 2339.92 ? 42.723.5 a?F x4 — 150, 
4 2417.045v 10 41,360.25 4 2339.550r 5 42,730.15 bFy — “Dhy 
4 2415.516v 3 41,386.43 atF 4 — 7044 4 2339.048v 4ColIl? 42,739.32 atFy, —x2 
4 2415.320 Qw 41,389.8 at —xtF%y 4 2338.6560 42,746.48 atF 4 — wt, 
4 2415.299 4 41,390.3 atl —x*Goy 4 2337.950 3wColl? 42,759.4 atF yy —wicns 
4 2414.4580 40R 41,404.56 atFy — Gs, 4 2337.4770 4 42,768.04 ! 
4 2413.580v 15 41,419.63 atPy —32%4 4 2336.00” 10d 42,795.1 atF 25 —wtPry 
4 2413.1870 15 41,426.37 WF y —vtD4 4 2335.102v 15 42,811.53 atFy — x4 
4 2412.896v 6 41,431.37 4 2334.1 20 SColl?  42,829.6 OF, —utDoy 
4 2412.7620 12r 41,433.67 oF — wis 4 233.980. 3 42,832.1 H 
aFy —AGy 2333.0719 6 42,848. atFy — 
4 2411.618 250K 41,453.32 (ara —wiD%) | 4 2332.0877 10 42'866.88 17% 
4 2410.504v 40w 41,472.48 a*Py — 30%) 4 2329.0890 6ColIl? 42,922.05 b*F 2 —utDyy 
4 2409.6540 8 41,487.11 bFy —ytS%y 4 2328.861v 10 42,926.25 
4 2409.1230 20 41,496.25 Foy —v2D%y 4 2328.298 6 42,936.63 
4 2407.2490 100 41,528.58 a'Fy —x* 4 2327.5390 5 42,950.63 DF y — 225% 
4 2406.266v 25 41,545.52 b*F 4 —w2D%24 5 2325.80 6 42,982.7 
4 2404.84 10 41,570.1 Fy —v'D%y 5 2325.615 S0w 42,986.16 dF 5 —wtPoy, 
4 2403.6377 15 41,590.95 4 2325.530v 12 42,987.73 a*F 24 —wiQ,) 
4 2403.3370 15 41,596.14 BAF y —v2%4 4 2323.131v 15d 43,032.12 oF y —wtFo, 
4 2402.559v 15 41,609.61 by —y*P%y 4 2322.260v 4 43,048.26 atF yy — yt Poy 
4 2402.1640 30r 41,616.46 atF yy —x?F%) 4 2320.9060 4 43,073.37 a*F 2} — yt Po 
4 2402.0580 10r 41,618.29 atF 3 —xtF%4 4 2320.419 1 43,082.5 OF —wtP oy 
4 2401.595y 30 41,626.31 af —wtD% 4 2319.152y 4 43,105.94 atF 4 —x2D%,) 
4 2401-1027 30 41,634.86 paint 4 2317.516v 5 43,136.37 atFaj — a8 
4 2400.833v 30 1,639. Sons 24 atF a —wtF 
4 2400.558 30 41,644.29 atx — 12% ‘ 2316.8430 $ 43,148.90 (oars oy 
4 2398.5540 4 41,679.08 4 2316:733v 5 43,150.95 a?F 4 — wiry 
4 2397.259 4 41,701.7 atPy —31% 4 2316.1579 10w 43,161.68 atF ay —wiGy, 
5 2397.0 6 1,705.6 atFy — 
3 + 41°709.95 4 2311.350 10 43,251.4 (pera pe 
4 2396.588v 5 41,713.27 at P24 — 30° 5 2310.962 12 43,258.69 dF 4 —x2Poy 
4 2396.2329 10 41,719.47 atGuy — 36%, 4 2310.360 1 43,270.0 a?F yy —u2P ey) 
4 2395.390v 6 41,734.13 5 2309.020 10R 43,295.09 atF 4 —wtPYy 
5 2394.227 4 41,754.40 4 2308.98v ? 43,295.9 oF 4 —13% 4 
0 2393.635 1 41,764.73 dF —u2D%y 4 2305.1690 15 43,367.40 a'F 4 —wiGhy 
4 2392.029v 2 41,792.76 atl 2, — x44 4 2304.182y 10 43,385.97 atF 4 —wAFoy, 
4 2391.369v 9 41,804.30 4 2303.9660 12 43,390.04 b*F 4 —ut Dy 
4 2390.4260 4 41,820.79 4 2303.5040 9 43,398.74 atF 4 —wtDyy 
4 2389.984v 8 41,828.52 bFy —vt Ds 4 2303.310 ? 43,402.3 atFy —1 
5 2389.540 12 Coll 41,836.29 (a*F 24 —w*D%4) 4 2298.3560 15 43,495.93 bFiy — 6D 
4 2388.3749 3 41,856.72 atl’, —wtD%4 4 2296.704v 18 43,527.22 b4F 24 —4D%y 
4 2388.1759 5 41,860.21 b4Fy —x* Po, 4 2296.038v 18 43,539.84 bAF yy —v2F % 
4 2387.4600 10 41,872.74 b*F 24 —y*S%y 4 2295.223v 15 43,555.30 atF 4 —x2F4y 
5 2386.509 3 41,889.42 bFy —22O%4 4 2294.003» 10 43,578.46 at —wt 
4 2385.8130 9 41,901.65 4 2291.4500 12 43,627.01 OF 24 — oP ty 
4 2384.8589 10R 41,918.42 at y —xtF%y 4 2290.5419 10 43,644.32 b4F 4 —x2 Py 
4 2381.260 4 41,981.8 b*F 24 —v2 1%) 4 2289.495 9 43,664.26 atF yy —y'P%y) 
4 2380.696v 4 41,991.70 a 24 -—— 4 2308.7740 fs py tet a 4 —x4S%y 
ats, —xtGQs 4 2287.8040 12 43,696.53 b'Fy — 
4 2380.4830 20d 41,995.46 (Sarat —yPoy 4 2285.4080 12 43,742.34 Fy —wth ty 
4 2379.3579 4 42,015.33 bFy —y*P% 4 2284.860 30 43,752.8 af y —wiQy? 
4 2379.1600 4 42,018.81 atF a —x2F 4 2284.819 3 43,753.8 b*F 24 — 4% 
4 2378.905v 5 42,023.31 atP 2 —32% 4 2284.375v 8 43,762.25 b'F y —wtS 
4 2377.215v 12 42,053.18 AF yy —wrF Ys, 5 2281.34 5 43,820.3 
4 2376.975v 6 42,057.43 bP —2H% 4 2279.9279 10Fe 43,847.48 (a*Fy —wAF%y) 
5 2374.456 4 42,102.04 ath —2D%) 4 2279.480v 15 43,856.08 b4F 4 —D4y 
4 2373.8620 9 42,112.58 atF'\y —x2D%y 5 2278.298 9 43,878.83 oF yy — wD 
4 2373.560 0 42,117.9 atF 5 —u2F%, 4 2276.5230 20r 43,913.04 
4 2373.3700 20 42,121.30 4 2275. 8840 9 43,925.37 b¢F 4 — 02% 
4 2372.832» 15 42,130.86 atFy —22P%y 4 2274.6170 . 43,949.83 bF 4 —w2P%y 
4 2371.8450 6 Coll? 42,148.38 atF 24 —x?F % 4 2274.495v 9 43,952.19 ay —w'iOy 
4 2371.4580 15 42,155.26 a*Ga, — 37% 35 4 2273.580 2 43,969.9 atFy —4% 
4 2370.5149 10 42,172.05 at 4 —3°4 4 2268.7420 12 44,063.63 b*F ay —x4S%y 
4 2369.9240 9 42,182.54 b*F ay — ut Ds 4 2268.1639 15 44,074.88 b*F 4 — Dy 
4 2369.6740 15 42,187.00 WF 4 —0'D%y 4 2267.1130 12 44,095.29 atFy —x*PYy 
4 2366.0460 5 42,251.68 a?F 4 —u2F 2, 4 2264.880v 15 44,138.76 b*Fy —7% 
4 2365.057» 18d 42,269.34 atFy —x@y 4 2264.419 10 44,148.0 atFy — Py 
5 2364.251 3 42,283.76 Fy —2Oy 4 2262.592v 10 44,183.39 atFy —wy 
4 2362.3279 8 42,318.19 dF yy —utD% 10 2262.07 OColl? 44,193.6 at Fy —xtP%y 
4 2360.789v 9 42,345.76 a?F 24 — 14%) 5 2258.328 9 44,266.81 ; 
4 2358.6760 10 42,383.69 atFy —4Gy 4 2257.582v 10 44,281.43 atFy —wD"y 
4 2358.1779 20 42,392.65 atF yy —wtF%s, 4 2256.565v 10 44,301.39 Fy —4D%y 
4 2357.507v 10 42,404.70 a?Fy — 11% 4 2254.82v 10 44,335.6 a?F 24 —AF% 
4 2356.2679 10 42,427.02 a'Fy —wtl, 5 2253.776 10 44,356.20 WF y —6%y 
4 2355.6119 7 42,438.83 AF 4 —w2F %y 10 2253.587 3 44,359.92 atFy — 204 
4 2355.480v 30 42,441.19 atFy —wth %) 4 2252.712v 10 44,377.15 atFy —eD%y 
5 2354.41 5 42,460.5 4 2251.83 8 44,394.5 atFy— 
4 2354.189 2 42,464.6 atFy —v?P%) 4 2250.4960 10 44,420.84 atF 4 — 16% 
4 2353.360 10 42,479.4 atF yy —wtF%) 4 2248.981» 5 44,450.78 atFy —oD%y 
4 2352.8640 15d 42,488.37 by —vtL %y 4 2248.800 1 44,454.3 atFy —OF% 
4 2351.98 4 42,504.4 atFy —2L%) 4 2247.86 4 44,472.8 Fy —0F%y 
4 2351.3850 10 42,515.10 atFo4 — x21») 4 2246.599n 25 44,497.91 atF 4 —x*P4y 
4 2350.5960 6 42,529.36 bAFy —02%y 5 2245.600 10 44,517.68 
4 2350.2840 12 42,535.01 b*F oy — wth %y 4 2245.4630 5 44,520.42 a‘Fy —e' Dy 
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» 
IA 


2244.12” 
2243.2540 
2241.65” 
2240.749 
2239.300 


2237.125v 


2236.796v 
2234.710v 
2233.7590 
2233.099 
2232.88” 
2232.460v 
2231.749 
2230.07 
2229.7340 
2228.806 
2228.334 
2227.853v 
2227.666v 
2225.848 
2225.350 
2223.97” 
2219.154 
2218.813 


2213.86 


2213.819 
2212.354 
2212.23 
2210.89 
2208.508v 
2207 .853v 
2207.697 
2204.796v 
2203.96 
2203.53 
2202.59 
2201.79 
2201.55 
2201.41 
2201.235 
2198.764 
2197.98 
2197.633 
2197.34 
2196.904 
2196.458v 
2196.02 
2195.17 
2191.16 
2189.350 


2187.284 


2186.7770 
2186.45 
2186.030 
2184.950 
2184.314 
2183.33 
2182.587 
2181.121 
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Vac. DESIGNATION 


IA 


WAVE No. 


Vac. 


MULTIPLET 
DESIGNATION 





15 
12 
10 

9 


4 
8 Coll? 
6 


wn 


44,547.0 a?F 4 —17% 
44,564.26 atF —v! 
44,596.1 atF 4 —xt Py 
44,614.1 atFy —uvtDy 
44,643.0 a*F 4 —s*P sy 
44,686.31 OF — Fy 


btF 4 — 7% 
44,692.88 

44,734.60 
44,753.64 
44,766.87 
44.771.4 
44,779.68 
44,793.95 
44,827.7 
44,834.42 
44,853.09 
44,862.59 
44,872.27 
44,876.04 
44,912.69 


atFy —yt Sy 


bAF yy —11%5 
atF yy —v? Dy 
b'F 24 — 10% 


btFy —vF% 
atF 2, —v'D%y 
atF yy —v*?D%y 
atF yy —w?D24 
ay —yP%y 
a?F 24 —v? 
“« 24 mon 
atF 3 —x' 
atF 3 —w*D%, 
Fy —% 44 
{ atFy —ytS*y 
(a*F'y —v*D%}) 
45,156.70 


b*F 24 — 11% 
45,186.60 oF — xtPhy 
45,189.1 


45,216.5 atFy — Oy 
45,265.28 a*F 24 —v2D%4 
45,278.70 atFy —y*P% 
45,281.90 atFy—yP% 
45,341.48 btF 4 — 10%) 
45,358.7 
45,367.5 
45,386.9 
45,403.4 
45,408.3 
45,411.2 
45,414.82 
45,465.85 
45,482.1 
45,489.25 
45,495.3 
45,504.34 
45,513.58 
45,522.7 
45,540.3 
45,623.6 
45,661.34 


—_— —_— —- — = 
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45,155.9 


— 


btF yy —12% 
atFy —utDy 


—— 


a'Fy —vtD%y) 


atFy —2H% 
a*F 34 — 21%) 44 
a?Fy —s* ; 
a?F 2 — 23% 
45,704.45 btFy —11% 
(a*F'4 —s?F%y) 
btF ay —9% 4 
atF 2 —w? 
bAF yy — 14% 
atFy —utD%4 
atFy —?Oy 


atFy—utD%y 
@Fy —vOy 


atFy —v*D%y 


45,715.1 


DAF y —wGy 
ery —vOy 


atk y —vt 
a‘F: ; - wD 
btF a — 10% 
b*F yy —u? Fey 
ath yy —x?Oy 
at y —ut Dy 
atF yy —ut Dy 
btF ay — 14% 


atF 2 —utD%y 
216. atFy —x*Sy 
46,234.70 Fy —e Py 
46,247.9 
46,305.9 
46,312.96 
46,318.2 
46,341.8 
46,360.5 
46,382.8 


ay —wtF yy 





2154.24 
2154.074 
2153.50 
2152.83 
2152.148 
2151.69 
2151.26 
2150.11 
2148.708 
2147.77 
2146.65 
2146.264 
2145.45 
2143.679 
2142.34 
2138.971 
2137.780 
2137.38 
2135.798 
2135.59 
2134.92 
2134.10 
2132.767 
2131.84 
2131.052 
2130.91 
2130.276 
2129.508 
2127.147 
2126.199 
2125.949 
2125.322 
2125.116 
2124.80 
2124.13 
2122.64 
2121.99 
2121.391 
2120.705 
2119.904 
2119.192 
2118.505 
2117.68 
2116.842 
2116.29 
2115.49 
2115.338 
2114.41 
2113.536 
2113.20 
2112.40 
2111.416 
2111.08 
2110.89 
2109.206 
2108.980 
2108.16 


2108.05 


2106.798 
2105.02? 
2104.730 
2104.50 
2103.85 
2103.10 


WOSRAWRONUNG 


— — _ 
- 


ec2oounmnuoun 


as 
2 


46,405.4 
46,409.01 
46,421.4 
46,435.8 
46,450.54 
46,460.4 
46,469.7 
46,494.6 
46,524.90 


46,913.4 
46,927.40 
46,944.32 
46,996.42 
47,017.37 
47,022.90 
47,036.77 
47,041.33 
47,048.3 
47,063.2 
47,096.2 
47,110.6 
47,123.92 
47,139.16 
47,156.97 
47,172.82 
47,188.11 
47,206.5 
47,225.17 
47,237.5 
47,255.4 
47,258.74 
47,279.5 
47,299.03 
47 306.6 
47,324.5 
47,346.52 
47,354.1 
47,358.3 
47,396.12 
47,401.20 
47,419.6 


47,422.1 


47,450.29 
47,490.4 
47,496.90 
47,502.1 
47,516.8 
47,533.7 
47,544.6 
47,565.4 
47,588.9 
47,618.6 
47,627.87 
47,660.35 
47,699.9 


47,720.7 


47,753.9 
47,786.3 
47,799.6 
47,807.6 
47,835.5 
47 ,839.2 
47,846.5 
47 ,887.7 
47 ,930.9 
47,945.4 
47,967.2 


atFy —w*F%y 


Fy —u2 Fe. 
bP ua 


btF 24 —wt P%) 
b*F 24 — 15% 
atFy —x? Py 


bIFy —utF% 
atFy —utD% 
BAF 4 —13% 4 
atFy —4D%, 
AF y — 14% 
atFyy —4D% 
atFy —4D% 
OF y —stD%y 
at yy —v2P%) 
a*F yy —14D%) 


atFy —ut Dy 
Fy —y2Hy 
atF 4 —v*F% 
b4F ig — 17% 
atF yy —x? Py 
atF yy —xtS%, 
btFy —st*D%, 
btF yy —wt P%., 
atF 4 — 6% 
atFy —4#D%) 
bAF 4 — 15%) 
a*F 24 —30%4 


WF y — Fy 
btFy —wGy 


atFy —4D%y 
btF yy —stD%y 
dF a4 — 16%) 
Fy —stDYy 
oF —PF% 
atF y —wtFy 


btF a — 13% 44 
b4Fy —s*D®y 
Fy —wt Py 
dF 24 — 17% 


btFy —wt Py 
atF yy —x*S%y? 


a?F 4 —32% 


atFy —4D% 
OF ya —?H%y 
jatF 24 — 7% 
lor —19% 
btF yy — 20% 24 
a*F yy — 26%)? 


atFy —wt Py 
atFy —4D%, 


(ir 1b — 2 Py 
btFy —16% 
btFy —2 FS 
b4F 4 — 18%) 
atFy —v2F 
bAF ay —19% 
b*F 24 — 20% 24 
atFy — 

btFy —17%% 


atFy —wtPy 


atFy —7% 
atFy — 11%) 
b*Fy —s*F%y? 
atF ay — 10% 
btF 2 —U Py 


btFy —u2D%,? 






















































434 RUSSELL, KING AND MOORE 
TABLE VIII.—Continued. 
f ——$—$<—_= 
| pN WavE No. MULTIPLET » Wave No. MULTIPLET 
f Hi REF. IA Int.-TC Vac. DESIGNATION IA Int.-TC Vac. DESIGNATION 
{ ee 
H 5 2073.27 10 48,217.5 atFy —4D% 1972.82 tr? 50,688.9 atF yy — 19%, 
13 2071.95 4N 48,248.3 1972.52 30N 50,696.6 bAF 24 — 200) 
13 2069.91 12 48,295.8 atFy —12% 1971.75 15 50,716.4 a*F iy —20%4 
f 3 2068.99 10 48.317.3 atF yy —v?F 1971.16 30N 50,731.6 oF — 2504, 
} ; . . yu —-3 
{ 13 2067.42 6NN 48,354.0 OOun.78 od SO508.8 (atF4 — sD) 
| 13 2066.22 12 48,382.0 atF 3, —9%s4 44 1969.68 3 50,769.7 
hj 13 2066.12 OColl? 48,384.4 mess —u2D%y 1968.93 25H 30,700.8 OF —26%y 
i 4-2 1968.6 50,795. 
s 5066.86 ‘ 66,413.9 (nes me 1967.78 10 50,818.7 OF 24 ~30%, 
13 2062.92 6 48,459.4 1966.96 10 50,839.9 
) 13 2061.39 6 48,495.4 1966.68 9 50,847.1 dF yy — 33% y 
4 13 2059.90 3 48,530.5 1964.03 20 50,915.7 Fy — 2405" 
13 2058.51 3NN 48,563.2 1963.92 8? 50,918.6 b4F 4 — 2704 
| 13 1055.46 4N 48,635.3 1963.55 20 50,928.2 a*F xj 37%) y 
i 5 54.07 10 48,668.2 atFy — 10° 1963.38 12 50,932.6 bF 24 — vt Fo, 
i 13 2053.46 5N 48,682.6 1961.59 25 50,979.0 
é| 13 2053.27 6 48,687.1 1961.26 8 50,987.6 a'F yy — 2 Foy? 
i : aoee-53 ¢ Sen atFy —12%4 1961.00 15 50,994.4 ee —v Foy 
: 7 ¥ : 48,798. “Foy —31 
hy 13 2043.70 8? 48.915.1 1958.94 1S $1,048.0 (Ger mr) 
13 2043.37 8 48,923.0 dF a4 — 21% 4 1958.55 25 51,058.2 
ae it 5 2043.00 x 48.931.8 1958.10 8 51,069.9 atF ~18% 
a | 13 2042.72 8N 48,938.6 1957.69 12N 51,080.6 atF 4 — Fy 
ie 13 2041.76 3 48,961.6 btF sy —s?F%y 1956.22 15 51,119.0 a*F 4 —20%4 4 
; 13 2041.11 20 48,977.1 1955.17 30 51,146.4 bAF yy —35%4 9 
| a 13 2039.95? 25Coll?  49,005.0 bAF 34 —s2F 24? 1954.22 30 51,171.3 by —vt Foy 
: im 13 2038.86 OColIl?  49,031.2 atF 3, —11% 1953.71 8 51,184.7 atF 4 — 15% 
i 13 2037.92 2Coll? 49,053.8 dF a —u2Dh 1953.50 4 51,190.2 
' it 13 2035.35 5 49,115.7 atFy —b2 Py 1951.90 25 51,232.1 bAF 24 —33%4 2 
13 2035.05 7N 49,123.0 1951.44 12 51,244.2 bAF 4 — 29%) 
i 13 2034.49 8N 49,136.5 atFy —v2P% 1949.00 15 51,308.4 WF 4 —vtP oy 
hh 13 2031.96 15 49,197.7 atF yy —9 44 1948.09 10 51,332.3 
By 13 2029.99 8 49,245.4 1947.58 5 51,345.8 
ney 13 2029.78 8 49,250.5 1946.79 25 51,366.6 bAF 4 —30% 
a 13 2027.77 3 49,299.3 1945.86 0 51,391.2 b¢Fy —25% 
hf 10 2026.794 -- 49,323.0 atFy —stD%y 1945.09 12 51,411.5 b¢F oy — 3404 9 
ie | 13 2026.51 49,330.0 atF yy —s*D%2, 1943.64 51,449.9 btFy —26% 
b 13 2026.35 8d? 49,333.8 1940.16 ISColl? = $1,542.1 Fy —vt Foy 
i 13 2024.68 10 49,374.5 1939.75 51,553.0 
i) 13 2023.17 49,411.4 1938.94 51,574.6 
. 13 2020.56 trN 49,475.2 b'F 2 —23% 1936.58 30Coll? = $1,637.4 Fy — 28% 
13 2020.18 49,484.5 atF yy — 10°, 1935.72 51,660.4 atF 4 —18% 
ie 5 2017.26 4 49,556.1 1935.46 ON 51,667.3 atF oy — toy 
: 13 2016.17 15Coll?  49,582.9 b1Fy —21%,4 1934.34 12 51,697.2 atF 4 —s*Foy 
Hj 5 2015.99 4 49,587.3 1933.03 3 51,732.3 
5 2014.58 20w 49,622.03 1931.89 51,762.8 
13 2011.77 8N? 49,691.3 1931.00 10N 51,786.6 
5 2011.07 SCoIl? —49,708.6 btF oy —24% 1930.90 6? 51,789.3 atFy —u2DMy 
i 5 2010.10 8 49,732.6 atF 24 —s*D%y 1930.38 10 51,803.3 
13 2009.24 9 49,753.9 a*F 24 —wt P%4? 1929.34 15 51,831.2 BF y —vtP oy 
13 2008.85 8 49,763.6 1926.90 10 51,896.8 atFy —PF%y 
5 2008.28 5 49,777.7 atFy —15% 1925.05 12 51,946.7 a? Fy —37%y 
13 2008.04 1 49,783.6 1924.46 15 51,962.6 
13 2004.00 10N 49,884.0 1911.86 8 52,305.1 
13 2002.44 6? 49,922.8 atFy — 13% 44 1906.72 5 52,446.1 
13 2002.32 25Coll?  49,925.8 atFy —s*D%y 1905.87 20 52,469.5 
13 2002.01 3 49,933.6 ; 1905.41 6 52,482.2 
f 13 2000.12 12N 49,980.7 btFy —22% 1904.75 5 52,500.3 
; 13 1999.89 8 49,986.5 1902.15 10 §2,572.1 
d Vac. 1901.75 20 52,583.1 
} 13 1998.49 251 50,037.8 a'Fy —stDy 1897.73 8 52,694.6 
13 1994.98 15N 50,125.8 1897.48 10 52,701.5 
13 1993.25 10N 50,169.3 1895.78 4 52,748.7 
. 13 1992.79 20 50,180.9 1894.07 3 52,796.4 
13 1991.80 3 50,205.8 atFy —wtP%y? 1893.43 3 52,814.2 
13 1990.34 30Coll? = 50,242.7 b4F 24 —26%4? 1889.87 10 52,913.7 
: 13 1989.80 25Coll? = 50,256.3 btF 4 —24% 1889.60 6 52,921.2 
13 1989.28 10 50,269.4 1887.89 12 52,969.2 
; 13 1987.65 20 50,310.7 DAF yy —29% 1884.56 10N 53,062.8 
13 1987.24 10? 50,321.0 1884.45 10 53,065.9 atFy —21%,4 
13 1987.15 12? 50,323.3 1881.09 5 53,160.7 
' 13 1987.03 15 50,326.4 1880.82 15 53,168.3 
i 13 1986.31 6 50,344.6 atFy —wtP%4 1880.34 4 53,181.9 
13 1985.88 4 50,355.5 1878.28 25 53,240.2 
j 13 1985.36 10 50,368.7 atFy —15% 1877.40 15 53,265.1 
4 13 1985.25 10 50,371.5 btF 24 —2 7%} 1876.88 8 53,279.9 
i 13 1982.81 8 50,433.5 btF yy —30% 1876.48 7 53,291.2 
13 1982.52 20 50,440.8 atF 4 —stD%y 1876.01 10 53,304.6 
‘ 13 1981.97 20 50,454.9 atF yy —s*D4 1875.22 4 53,327.1 
13 1980.89 40N 50,482.4 1872.37 8 3,408.3 
13 1980.59 15 50,490.0 atF yy —2F %y 1870.45 5 53,463.1 
13 1978.53 12 50,542.6 1869.16 5 53,500.0 , 
13 1978.36 10 50,546.9 btFy —vtF Oy 1866.45 3 53,577.7 atF yy —2%y 
13 1976.97 30 50,582.5 atF 24 —17%4 1866.27 6 53,582.8 atFy —24% 
é 13 1975.94 6 50,608.8 by —vt Py 1864.92 4 53,621.6 
‘| 13 1975.67 20 50,615.7 1862.31 25 53,696.8 
13 1975.36 6N 50,623.7 btF ay — vt Fey 1858.26 3 53,813.8 atFy —o Py 
13 1974.39 15 50,648.6 btFy —o Py 1856.13 isc 53,875.5 atFy —vtP 
13 1973.85 25 50,662.4 btF yy —31% 1855.05 40C 53,906.9 atFy —v'F%y 
13 1973.62 5 50,668.3 1854.28 ® 53,929.3 atFy —31%4 
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————— ——$—$—$_——— 
— i 
d Wave No. MULTIPLET » Wave No. MULTIPLET 
REF. 1A Int.-TC Vac. DESIGNATION | REF. IA Int.-TC Vac. DESIGNATION 
a 
1852.71 30 Coll? 53,975.0 atFy —v*F°, | (a*Fu —35% 2 
| 1852.52 15? 53,980.5 ary 20004" 13 1837.82 XS 54,412.3 lars, — 3204 ' 
13 1851.49 8 54,010.6 13 1837.13 3 54,432.7 
13 1850.80 4 54,030.7 : 13 1836.97 3 54,437.5 
13 1847.89 30 54,115.8 atFy —26% 13 1834.99 10 Coll? 54,496.2 atFy —vt PF)? 
13 1846.94 4 54,143.6 13 1834.34 10 54,515.5 a*F oy —33%, 24 
13 1843.45 4,246.1 atFy —27% 13 1832.47 15 54,571.2 atF 4 —29%y4 
13 1842.34 25 Co II? 54,278.8 atF'2y —v* Fey? 13 1828.35 12 54,694.2 at Foy —34%, 94 
13 1841.88 4,292.4 atF yy —34%y 24 13 1825.17 1 Coll? 54,789.4 atFy —vtP%? 
13 1841.47 10 $4,304.5 atFy —28% 13 1822.03 3 54,883.8 
13 1840.79 10 54,324.5 13 1820.42 12 54,932.4 atFy —26% 
13 1840.55 10 54,331.6 atFy —31% 13 1814.20 12 55,120.7 atFy —28% 
13 1838.28 15 54,398.7 atF yy —24% | 











Notes in intensity column: d, double; g, peg be hazy; 1, shaded to longer wave-length (asymmetrical); », diffuse; N, very diffuse; r, narrow 


celf-reversal; R, wide self-reversal; s, shaded to s 
elf + he unpublished material, 1935. 


orter wave-length (asymmetrical); w, wide or complex; W, very wide or complex. 


2 Meggers and Kiess, J. Research Nat. Bur. Stand. 9, 319 (1932), (RP 473). 


3 Meggers and Kiess, Sci. Pap. Bur. Stand. 14, 645 (1918); (No. 324). 


4 Burns, unpublished material. Three-place measures in heavy type are interferometer measures; ‘‘v'"’ denotes vacuum source. 


5M. ; 
6 Russell, unpublished material. 

7 Dhein, Zeits. f. Wiss. Ptg. 19, 289 (1920). 
8 Stiiting, Zeits. f. Wiss. Ptg. 7, 73 (1909) 


1. T. Wave-Length Tables (The Technology Press; John Wiley and Sons, New York, 1939). 


9 Exner and Haschek, see Kayser, Handbuch der Spectroscopie, Vol. § (1910), p. 310; also reference 10 below; also King, Mt. Wilson Contr. No. 


108; Astrophys. J. 42, 347 (1915). 


1 Catalan and Antunes, Anal. Soc. Espafiola de Fisica y Quimica 34, 207 (1936). 


i Krebs, Zeits. f. Wiss. Ptg. 16, 292 (1917). 


12 Hasselberg, see Kayser, Handbuch der Spectroscopie, Vol. 5 (1910), p. 310. 


3 C, E. Moore, unpublished material. 


There are a few conspicuous cases of sharing 
of g values between neighboring terms, as shown 
in Table VII. The most remarkable group is 
y'Si°, v'D,,°, v°D,,°. The designations of the first 
two might almost as well be interchanged. Those 
here given depend on the intensities in the mul- 
tiplets with a*P, 6*P ; but these also indicate such 
an extensive sharing of properties by the three 
levels that it is hardly more than a formality to 
give them definite names. The intermixture of 
b'P,, and a*D,, is less complete, and they may be 
definitely labeled. A somewhat better agreement 
with the theoretical g values could also be ob- 
tained by interchanging the designations e*P, 
and e*D,, and also e®P, and e®D,,, without much 
disturbing the energy levels or intensities. 


9. LINE LIstT 


Table VIII includes all the classified lines, 
and all unclassified lines of intensity exceeding 5 
on the M.I.T. scale or 2 on that of other ob- 
servers. Fainter unclassified lines are included 
for which King gives a temperature class or 
Burns has an interferometer measure. Lines 


which are very probably due to impurities, or to 
Co II, are also omitted. 

The wave-lengths in column 2 have been col- 
lected from many sources, as described in the 
notes, and indexed in column 1. The values 
printed in heavy type are Burns’ interferometer 






measures. They greatly exceed the rest in ac- 
curacy. For other lines, we have entered what 
appears to us to be the best available wave-length, 
but it has been impracticable to secure a strictly 
homogeneous system. The intensities in the third 
column are King’s estimates for all lines to which 
he has assigned a temperature class (column 4). 
For the other lines the values of the M.I.T. 
catalog are entered, when available, except in the 
red (A8648-11,894) where the values of Meggers 
and Kiess were adopted. For the remaining lines 
the intensity assigned by the measurer is given. 

All these intensities are estimates of the 
strength of the lines on the negatives, and dif- 
ferent observers have used extremely different 
scales—the older lists going usually from 1 to 
10 and some recent ones from 1 to 3000, so that 
great caution is necessary in comparing them. 

King’s estimates are much more nearly 
homogeneous, but fall off at both ends with the 
sensitivity of his plates. His temperature classes 
show the usual close correlation with the energy 
levels, and have been of great aid in the analysis. 
The wave number and the adopted designation 
are given in the last two columns. 

Of the 3007 lines in this table 282 have not 
been classified. Only one, \3177.266, is of any 
considerable strength. This, and some.other low- 
temperature lines between (3500 and 3150 are 
probably the principal components of the missing 
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combinations of a®G and a*H (§4); but, since the 
faint components of the multiplets have not been 
found, they cannot be classified. 

This spectrum may now be regarded as pretty 
well analyzed. Between A11,900 and A2500 there 
are 90 unclassified lines out of 2388; between 
42500 and 2200, 52 out of 279; and between 
2200 and A1810, 140 out of 340. 

The classification is therefore fairly complete 
except in the remoter ultraviolet. Here many of 
the lines we list may belong to Co II, a spectrum 
still very incompletely analyzed. Some of these 


BRASEFIELD 



















are noted by “Coll?” following the intensity 
in Table VIII. 

It is a pleasure to express our gratitude to Dr 
M. T. Antunes for making the important work 
of Catalan and himself accessible to us; to Dr. 
Keivin Burns for the communication of hig 
extensive and accurate measures, —especially 
with the interferometer—; to Dr. A. S. King fo, 
the loan of a set of plates of the spectrum, and for 
Zeeman data; and to Dr. A. G. Shenstone for 
taking the spectrogram which permitted the 
extension of our work beyond \2230. 





SEPTEMBER 1, 1940 


PHYSICAL REVIEW 


VOLUME 58 


The Effect of an Activator on the Absorption Spectrum of Zinc Sulphide Powders 
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The absorption of zinc sulphide powders, both pure and with various concentrations of 
activator, was measured in the region 3200-4800A by the diffuse reflection method. It was 
found that the long wave-length limit of the absorption band for a pure ZnS powder was at 
3800A and that this limit moved to longer wave-lengths with increasing concentration of Ag 
activator. No evidence could be found of a secondary absorption peak characteristic of the 


activator. 


F pure zinc sulphide is to luminesce under 
ultraviolet light, it must be activated. This is 
usually done by heating the powder with a trace 
of the salt of a foreign atom, such as silver or 
copper. In order to get a clearer picture of the 
nature of this activating process, it seems de- 
sirable to find out what effect the heat treatment 
and the presence of foreign atoms have on the 
absorption spectrum of the pure powder. Gisolf,' 
studying the transmission of thin layers of ZnS 
powder, has reported that, within an accuracy of 
10 angstrom units, no difference is found between 
the wave-lengths of the absorption edge for both 
pure ZnS and for ZnS activated with traces of Cu 
or Ag. He also claims to have found a secondary 
absorption peak, characteristic of the impurity, 
on the long wave-length side of the principal 
absorption edge.? These results were not con- 
firmed, however, in the experiments about to be 


described: 


1 J. H. Gisolf, Physica 6, 87 (1939). 
2See reference 1, Fig. 2 on page 87, and remarks on 


page 88. 





The absorption spectra of the ZnS powders 
were obtained by the diffuse reflection method, 
The source of radiation was a 120-watt tungsten 
lamp with a quartz window.* The ZnS powder 
was sprinkled in a thin layer over the corrugated 
end of a black wooden rod, held at an angle of 
approximately 45° in front of the slit of a small 
Littrow quartz spectrograph. During preliminary 
experiments a quartz mercury arc was used asa 
source of radiation. The appearance on the 
photographic plate, with small but uniformly 
diminished intensity, of the mercury lines in the 
region 3342 to 2537A was interpreted as indi- 
cating that a little light enters the spectrograph 
after one surface reflection from the crystals. 
Most of the reflected light, however, is ap 
parently totally reflected internally, perhaps 
several times, so that it arrives at the slit of the 

3’ Kindly loaned by Professor George Winchester of 
Rutgers University. 

4 Thanks are due to Dr. G. R. Shaw, Dr. L. B. Headrick 
and Mr. H. W. Leverenz of the RCA Manufacturing 
Company, for supplying the samples of ZnS used in these 
experiments. 
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spectrograph after having passed through an 
unknown thickness of ZnS. 

The spectrum of the light reflected from ZnS 
was photographed on an Eastman Spectroscopic 
Plate, Type [V—O; exposure times were around 
20 minutes. On the same plate was photographed 
the spectrum of the source as reflected from an 
aluminum mirror which is known® to have a 
uniform reflectivity of approximately 90 percent 
over the range 3000-5000A. The exposure time 
was adjusted so as to duplicate the blackening of 
the ZnS spectrum in the region 4500-5000A; 
usually this required an exposure of about one 
second. 

The density of blackening of the plate was 
determined by using a crude densitometer.* The 
absorption spectrum of ZnS was obtained by 
plotting the difference between the densitometer 
readings in the spectrum of the light reflected 
from ZnS and the densitometer readings in the 
spectrum of the light reflected from the aluminum 
mirror. Curves obtained in this way for a sample 
of pure ZnS, precipitated and dried, and for 
another sample of ZnS containing 0.128 percent 
Ag, which had been fired with NaCl flux at 


TABLE I. Absorption limits under various conditions. 











LONG 
WAVE-LENGTH 
LIMIT OF 
SAMPLE ABSORPTION 
1. Pure ZnS, precipitated and dried 3800A 
2. Pure ZnS, heated at 940° C; no flux 4220A 
3. Pure ZnS, heated at 940°C for 2 houts 
with NaCl 3980A 
4. ZnS+0.005% Ag, heated at 940°C for 
2 hours with NaCl 4120A 
5. ZnS+0.032% Ag, heated at 940°C for 
2 hours with NaCl 4180A 
6. ZnS+0.128% Ag, heated at 940°C for 
2 hours with NaCl 4220A 
7. ZnS+0.512% Ag, heated at 940°C for 
2 hours with NaCl 4280A 
8. ZnS+0.001% Cu, heated at 1200° C with 
2% NaCl 4120A 








'See for example M. Auwarter, J. App. Phys. 10, 706 
(1939). The mirror was kindly supplied by Dr. A. B. Focke 
of Brown University. 

*The densitometer was constructed by focusing the 
filament of a straight-filament incandescent lamp, suitably 
masked, on the spectroscopic plate. The plate was clamped 
to the carriage of an old Michelson interferometer, and 
could thus be moved across the beam of light. Behind the 
plate was mounted a Weston Photronic Cell connected 
toa L. & N. model 2420-C galvanometer (sensitivity 0.02 
microampere per mm) whose deflection was a measure of 
- a quantity of light transmitted by the spectroscopic 
plate. 
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940°C for two hours, are shown in Fig. 1. 
Measurements are less reliable at high absorption 
but for all the samples which were studied, 
absorption was complete for wave-lengths less 
than 3500A. There is no evidence, either in the 
curves of Fig. 1, or in similar curves obtained 
with different concentrations of Ag activator, of a 
secondary absorption peak on the long wave- 
length side of the main absorption edge—at 
least as far as 4800A. These curves are in fair 


Abs orption 








Fic. 1. Absorption spectrum of (a) pure ZnS, precipi- 
tated and dried; (6) ZnS containing 0.128 percent Ag 
which had been fired with NaCl flux at 940°C for two 
hours. 


agreement with similar curves obtained by 
Kitchener’ and by Kroger,*® but, as previously 
mentioned, differ from the curve shown by 
Gisolf.? 

The long wave-length limit of the absorption 
edge was determined, as indicated in Fig. 1, by 
extrapolating the steep portion of the curve. 
Values for this long wave-length limit for various 
samples of ZnS are shown in Table I. For the 
first and third samples, values should be accurate 
within 20A; for the other samples, within 50A. 
It is apparent from this table that, contrary to 
Gisolf’s findings, previously mentioned, the long 
wave-length limit of the absorption band of a 
ZnS powder in general moves toward longer 
wave-lengths with increasing activation. More- 
over, the long wave-length limit even for pure 
powdered ZnS is considerably greater than re- 
~ 1 Kitchener, Trans. Faraday Soc. 35, 98 (1939). 

5’ F. A. Kroger, Physica 7, 1 (1940). Note, however, that 


Kroger defines the long wave limit of absorption as the 
longest wave-length at which absorption is complete. 
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ported by Gisolf! (viz. 3350A); Kroger’s curve,*® 
on the other hand, indicates an “extrapolated” 
long wave-length limit around 3800A, in good 
agreement with the value in Table I. Dr. 
Headrick has suggested that since sample No. 2 
oxidized considerably on firing, the unusually 
high value for its long wave-length limit may be 
characteristic of ZnO rather than ZnS. The long 
wave-length limit for sample No. 8 is not very 
different from a value of 4250A found for a ZnS 
single crystal containing about 0.004 percent Cu.° 

The emission spectrum of samples 3, 4, 5 and 6 
is of appreciable intensity over the range 4200 to 
5000A, with a peak around 4600A." Since a 
tungsten filament emits little ultraviolet light, 
the intensity of the fluorescent light from the 
ZnS powders was small; however, some of the 

°C. J. Brasefield, Phys. Rev. 57, 162 (1940). 

See H. W. Leverenz and F. Seitz, J. App. Phys. 10, 
487 (1939). Samples 1, 3, 5, 6 and 7 described in Fig. 15 


of this article are identical with samples 3, 4, 5, 6 and 7 
of Table I. 
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blackening of the plates was undoubtedly due to 
fluorescent light. To correct for this, densitometer 
readings for wave-lengths greater than 42004 
should be increased. This would mean that, jp 
curves similar to those of Fig. 1, all points on the 
long wave-length side of 4200A might be raised ag 
high as, but no higher than, the point at 42004, 
If this correction is made, it turns out that the 
long wave-length limit of the absorption edge fo; 
samples 3, 4, 5 and 6 would be shifted an average 
of 20A toward shorter wave-lengths; this cor. 
rection is within the limit of error (SOA) claimed 
for these measurements. 

In conclusion, it has been found that the long 
wave-length limit of the absorption band for a 
pure ZnS powder was at 3800A and that this limit 
moved to longer wave-lengths with increasing 
concentration of Ag activator. No evidence could 
be found of a secondary absorption peak charac. 
teristic of the activator. An interpretation of 
these results cannot be given at this time’ 
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On the Radiofrequency Spectra of Sodium, Rubidium and Caesium* 
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The hyperfine structures of the ground state of Na*, Rb**, Rb*? and Cs'™ were measured by 
observing radiofrequency spectra of these atoms. In each case the particular lines chosen for 
study and the magnetic fields at which they were observed were such as to yield the greatest 
precision for the hyperfine structure measurements, consistent with frequencies conveniently 
obtainable in our laboratory (up to 700 megacycles). The measured h.f.s. separations are given 
both in absolute frequency units and in wave numbers. 


sec.-! X 1076 cm"! 
Na* 1771.75 0.059103 
Rb* 3035.7 0.10127 
Rb*? 6834.1 0.22797 
Cs88 9191.4 0.30661 


INTRODUCTION 
N a previous paper! methods were described 


for the study of the radiofrequency spectra of 


* Publication assisted by the Ernest Kempton Adams 


Fund for Physical Research of Columbia University. 


1P. Kusch, S. Millman and I. I. Rabi, Phys. Rev. 57, 


765 (1940). 


atoms and in particular for the accurate determi- 
nation of the hyperfine structure of the ground 
states of atoms. These methods were applied to 
the measurement of the h.f.s. separation of the 
normal states of Li®, Li?, K** and K*. In the 


present paper we present the results of the 
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application of these methods to thé measurement 
of the h.f.s. of the ground states of Na*, Rb*®, 
Rb*? and Cs"*. 

We shall first present a brief resumé of these 
methods. A beam of atoms is projected through 
two inhomogeneous magnetic fields so arranged 
that the deflection of the beam at the detector 
produced by the first magnet is equal and 
opposite to that produced by the second magnet 
when the gradients and fields in both magnets are 
the same. The net deflection produced by the two 
magnets is zero, however, only when the com- 
ponent of the magnetic moment of the atom in 
the direction of the field, is the same in the two 
deflecting fields. If any changes affecting the 
value of this component take place in the space 
between the two deflecting magnets, they will be 
recognized by a drop of beam intensity at the 
detector set at zero deflection position. Between 
the two inhomogeneous fields is placed a homo- 
geneous field which can be set at any desired 
value, while at right angles to this field is 
superimposed a weak radiofrequency oscillating 
field. If the oscillating frequency corresponds to 
the energy difference between two levels of the 
atom, transitions, consistent with selection rules, 
will occur. These reorientations will, in general, 
produce a change in the magnetic moment of the 
atom and, therefore, a drop in the intensity of the 
beam at the detector. To observe the radiofre- 
quency spectrum of an atom in a given magnetic 
field, one merely observes the intensity of the 
beam as a function of the applied frequency. 

Two procedures were outlined in the earlier 
paper' for measuring the h.f.s. of the ground 
state of an atom in a *.S, state. One was to observe 
the frequencies of lines associated with transitions 
between the two F levels of the hyperfine 
structure doublet in very weak magnetic fields. 
Since each F level is split up into 2F+1 magnetic 
levels, a Zeeman pattern is observed. For suffi- 
ciently low magnetic fields the center of gravity 
of this pattern determines the Av of the ground 
state. The other procedure involved the measure- 
ment of the frequencies of the lines associated 
with a change in nuclear magnetic quantum 
number, m;, in strong magnetic fields. Not only 
did the latter method yield results which were 
just as precise as those obtained by use of the 
first method, but it also had the additional 
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Fic. 1. The field dependence of the frequencies of the 
lines of Na* associated with the transitions Am;= +1, 
Am, =0. 


advantage of requiring lower working frequencies. 
The reduction factor in frequency of the lines was 
shown to be of the order of (2i+1). The Av of 
Li’? and that of K** were determined by both 
methods. In each case the results obtained with 
the two methods were in complete agreement, 
indicating that the expressions for the variation 
of the energies of the magnetic levels of h.f.s. 
multiplets in external fields, varying from the 
weak Zeeman region to the strong Paschen-Back 
region, are accurate to at least one part in 10‘. 

In view of the large h.f.s. splittings associated 
with the atoms under discussion in this paper, the 
weak field method could not be used with the 
range of frequencies available in this laboratory. 
Our present measurements are based on obser- 
vations of frequencies of lines resulting from 
atomic transitions in intermediate and in strong 
magnetic fields. 

The apparatus used and the general technique 
followed in this work is the same as that used in 
earlier experiments. 
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RESULTS 
Na’ 


The Av of the ground state of Na* is? about 
0.059 cm or 1770 X 10° sec.—'. Since the nuclear 
spin of Na* is 3, frequencies of the order of Av/4 
or of 450 megacycles are required to induce the 
transitions Am;= +1, Am,;=0 at high magnetic 
fields. Because of the convenience of this fre- 
quency range we have, accordingly, determined 
the Av of Na™ from measurements of the fre- 
quencies of the lines resulting from these trans- 
itions. The spectrum is similar to that already 
described! for the cases of Li’? and K*®. 

Figure 1 gives a graphical representation of the 
frequencies of the lines associated with these 
transitions, in units of Av, as a function of the 
field parameter x. This parameter is defined by 
the equation, 

si —8i 
moll, (1) 
hAv 





x= 


where Av is expressed in sec.~' and yp is the Bohr 
magneton. 

In the first column of Table I are listed the 
transitions which give rise to the lines. The 
notation is the same as that previously employed ; 
the first symbol in the parenthesis gives the F 
value and the second the m value which charac- 
terizes the state. The second column gives the 
expressions for the frequencies of the lines. The 
value —1.476/1837 was used for the nuclear 


2M. Fox and I. I. Rabi, Phys. Rev. 48, 746 (1935). 
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gyromagnetic ratio® of Na. Since the term 
giuol/h contributes only slightly to the value of 
v/Av an uncertainty of 0.5 percent in g; does not 
affect the precision of the results. It may be seen 
from Fig. 1 that the frequencies of certain lines, 
notably that of the line (1, 0) < (1, 1), are practi. 
cally independent of the field in an experimentally 
convenient range of field. Av may then be 
determined from the frequency of such a line and 
an approximate knowledge of the field by use of 
the expressions in Table I. On the other hand the 
lines (2, —2)<>(1, —1) and (2, 2)<(2, 1) show 
considerable dependence on field, even in fields as 
high as 5000 gauss. If the frequencies of these 
two lines are observed at some fixed field, the 
value of x may be determined by use of the 
proper expressions in Table I. In this way it was 
found that the x value appropriate to the lines 
listed in this table is 7.724. The observed fre. 
quencies of all the lines are given in the third 
column. The corresponding values of v/Ap are 
tabulated in the fourth column and the value of 
Av in the fifth. 

It has been pointed out in an earlier paper! 
that the Av of an atom in a 2S; state with nuclear 
spin } may also be determined by adding the 
frequency of the line (2, 2)<(2, 1), that of the 
line (2, —2)<>(1, —1), the mean frequency of the 
lines (1,0)<>(1, —1) and (2, 0)<(2, —1), and 
the mean frequency of the lines (1, 1) (1, 0) and 


(2, 1)<(2,0). Such a determination is inde- 


?P. Kusch, S. Millman and I. I. Rabi, Phys. Rev. 55, 
1176 (1939). 


TABLE I. The lines in the spectrum of Na® resulting from the transitions Am;= +1, Am;=0. All lines were observed ala 
value of the field parameter, x, of 7.724. This corresponds to a field of 4886 gauss. 

















TRANSITIONS EXPRESSIONS FOR FREQUENCIES Oss. (» Mc) v/v Av (mc) v’ (mc) 
(2, 2) <> (2, 1) SU(1+x) — (1px path) + et 397.16 0.224167 1771.74 397.16 
(2, 1) <> (2, 0) Fc +x-tat)h— (pay Snot 420.62 0.237406 1771.80 
426.11 
(1, 1) <> (1, 0) SU +xtxt)h— (1x21) SHO 431.60 0.243600 1771.70 
(2,0)<>(2,-1) | 2ra+a'—(1 —xfatyt] 4 eet 448.72 0.253274 1771.74 
454.23 
(1, 0) <> (1, —1) S°C(1+xt))— (1 — xpath] — Rao 459.74 0.259468 1771.74 
(2, —2) <>(1, —1) SPC —x+xt)t+ (1x) See 494.24 0.278960 1771.74 494.24 
1771.74 1771.74 
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ndent of any assumption as to the value of the 
magnetic field or the nuclear magnetic moment. 
It is only necessary that all lines be observed at 
the same magnetic field. Column 6 in Table I 
lists the appropriate frequencies to be used in the 
summation and the resulting sum. From a 
number of sets of observations similar to that 
presented in the table, the Av of the ground state 
of Na” is found to be (1771.75+0.07) X 10° sec.—! 
or 0.059103 cm if we take as the velocity of 
light the value 2.99776 X 10" cm/sec. 

The frequency difference between the two lines 
(1,0) <> (1, — 1) and (2,0) <> (2, —1) and between 
the two lines (1, 1)<>(1, 0) and (2, 1) <(2, 0) is 
given by the expression 2gio//h or by the 
equivalent expression (2g;xAv)/(g;—gi). The 
value of x at which the observations in Table I 
were made is 7.724. The mean value of the 
frequency difference is 11.00 megacycles per 
second. This leads to a value of —1.477/1837 as 
the g; of Na*. The excellent agreement with the 
value of —1.476/1837 found by the molecular 
beam magnetic resonance method is fortuitous 
since the frequency difference of 11.00 megacycles 
cannot be determined with a precision better 
than about 0.4 percent in the present case. 





Rb® 

The Av of the ground state of this atom is‘ 
about 0.1 cm or 3000X10® sec.—'. Since the 
nuclear spin is 5/2 the frequency required to 
induce the transitions Am;=+1, Am,=O0, in 
strong magnetic fields will be in the neighborhood 
of 500 megacycles per second, again in a very 
convenient frequency range. Figure 2 shows 
graphically the expected transition frequencies, in 
units of Av, as a function of the field parameter x. 
The number of lines to be expected in this region 
of frequencies is ten. Eight of the lines comprise 
four doublets; one member of a given doublet 
arises for transitions between magnetic levels in 
the state F=3 and the other from transitions 
between the same magnetic levels in the state 
F=2. Since the magnetic levels m= +3 occur 
only for F=3, lines arising from transitions to 
these m levels are single. The first column in 
Table II lists the transitions in the usual notation. 


The second column lists the expressions for the 


*S. Millman and M. Fox, Phys. Rev. 50, 220 (1936); 
H. Kopfermann, Zeits. f. Physik 83, 417 (1933). 
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Fic. 2. The field dependence of the frequencies of the 
lines of Rb® associated with the transitions Am;=+1, 
Am, =0. 





frequencies associated with the transitions. As in 
the case of Na* these expressions are obtained 
from the expressions 9-12 of the previous paper.' 
The observed frequencies of the lines, », are 
tabulated in the third column of the table. To 
simplify the calculation we have used the mean 
frequencies of the double lines for the calculation 
of Av; this procedure eliminates the use of the 
term in g;. The mean frequencies are listed in the 
fourth column. It may be seen by reference to 
Fig. 2 that the frequencies of some of the lines 
vary quite rapidly in the region of field at which 
we have made our observations, about 5000 
gauss. The lines recorded in Table I were not all 
observed at the same magnetic field. The drift in 
field occurred because of the rather long time 
required to shift the frequency of the oscillator 
from one range to another. The relative values of 
the field at which lines were observed could be 
determined to within one gauss, but the absolute 
field values were not known to better than ten 
gauss. To find this absolute value of the field we 
have calculated several sets of values of Av, each 
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TABLE II. The lines in the spectrum of Rb* resulting from the transitions Am; = + 1, Am, =0. 














———— 
TRANSITIONS EXPRESSIONS FOR FREQUENCIES v (MC) v (mc) | H (Gauss) v/ Av | wan 
a 
(3, 3) <> (3, 2) SPCC +x) — (1+ getatyh + te 426.53 | 426.53 | 5163 | 0.140509 | 30354 
(3, 2) <> (3, 1) SUA $xt22)h— (1+ bet xan Sine 449.90 
: , 452.03 | 5170 | 0.148913 | 30354 
(2,2)<>(2,1) | Saterday tietay]—See | as4ts 
(3, 1)<9(3,0) | SCa+ax+x*)'— (1+ aept] 4 Smet 477.55 
479.67 | 5178 | 0.158014 | 30356 
(2, 1) <> (2, 0) aK +ixtat)t— (1x0) See 481.79 
(3, 0) <> (3, —1) SPC + a8)t— (1 getty) 510.89 
513.01 | 5182 | 0.168982 | 39359 
(2, 0) <> (2, —1) SC(1+a%)— (1 Feta 2)\)- sin 515.13 
3,-1)@,-2 | “ra sescicsstsianeltl 552.09 
554.23 | 5192 | 0.182574 | 30356 
(2, —1) <> (2, —2) SPCC — ata) (1 ge patyh]— Set 556.37 
(3, —3) <>(2, —2) A°C(—tx+a4+ (1x) ]- Set 609.44 | 609.44 | 5195 | 0.200766 | 30386 
3035.7 


























set corresponding to an assumed value of the 
absolute field. The relative field values at which 
the lines were observed were kept unaltered. We 
have chosen as the correct absolute field that 
which corresponds to the set of values of Av of 
best internal consistency. The apparent value of 
Av was altered by only about 0.25 X10® sec.—! 
when the absolute field values used in the 
calculation were changed by ten gauss. The 
values of the field which were finally chosen are 
given in the fifth column of the table, the ap- 
propriate values of v/Av in the sixth column and 
the values of the calculated Av in the last 
column. We have used in these calculations the 
value —0.536/1837 as the gyromagnetic ratio® 
of Rb®. 

It is also possible to find the value of Av by 
application of the summation method used for 
Na*™, even though the field is not quite constant 
throughout the series of observations. The ob- 
served frequencies may be corrected to a common 
field by use of the known slopes of the curves in 
Fig. 2 and an accurate knowledge of the relative 


§ P. Kusch and S. Millman, Phys. Rev. 56, 527 (1939). 


fields if the approximate value of the field js 
known. In the present case the difference be- 
tween the apparent and the corrected sum is only 
0.75<10° sec.-'. A considerable error in the 
correction affects the value of Av but slightly. 
The value of Av so calculated is 3035.7 X 10° sec.- 
Our measurements yield the value (3035.7+0.2) 
X 10° sec.—! or 0.10127 cm— as the Av of Rb®, 

From the separations of the components of 
the double lines we have calculated the g; as 
—0.539/1837. This value is to be compared to 
the value of —0.536/1837 obtained with the 
molecular beam magnetic resonance method. The 
frequency difference between the two lines which 
comprise a doublet cannot be determined to 
better than 0.7 percent, and hence the present 
value may be in error by this amount. The older 
value was not known to better than 0.8 percent. 
The agreement between the two values is there- 
fore satisfactory. 


Rb* 
The nuclear spin‘ of Rb*’ is $ and the Ay is 


about 0.23 cm— or about 6900 x 10° sec.—. The 
transitions Am;= +1, Am,=0 could not, there- 
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fore, be observed at magnetic fields where the 
line frequencies do not vary rapidly with field, 
since the reduction factor of (21+1) is insufficient 
to bring these frequencies within the range con- 
yeniently obtainable in this laboratory. In order 
to measure the Av of Rb* with the use of 
available radiofrequencies we have observed 
transitions at intermediate magnetic fields. These 
transitions can be characterized by the selection 


rules AF=0, Am= +1. It must not be inferred, - 


TABLE III. The determination of the Av of Rb*’ from the 
frequencies of the lines (2, 2) <> (2, 1) and (2, — 1) <> (2, —2). 
A represents the frequency of the first of these lines and B 
that of the second. 











»y (OBS.) 
(MEGA- 
CYCLES) 
Av Ar 
ces amma v/v v/ dv (mc) (mc) 
B A (B—-A)/A x (B) (A) (B) (A) 





432.27 313.45 0.37907 | 0.21511] 0.063288) 0.045891) 6830.2) 6830.3 
650.67 | 415.16] 0.56728 | 0.30247) 0.095218) 0.060753) 6833.5) 6833-6 
656.63 | 417.64) 0.57224 | 0.30465) 0.096066) 0.061102 = 





























however, that F and m are good quantum 
numbers; the applied magnetic field in the case 
under consideration is of the same order of 
magnitude as the field at the valence electron 
arising from the nuclear magnetic moment. The 
symbols F and m merely refer to the weak field 
quantum numbers of the states from which those 
under consideration are derived. These symbols 
are used in the same sense in the expressions 
which give a complete description of the energy 
levels of an alkali atom in the ground state as a 
function of the magnetic field. In Fig. 3 are 
plotted the frequencies, in units of Av, of the lines 
to be expected in the field region chosen for this 
experiment. Each of these lines was observed. It 
will be noted that the line frequencies vary 
rapidly with field and that the rate of variation is 
different for the various lines and depends on the 
field. For example, the slope of the curve repre- 
senting the (2, 2)<»(2,1) transition decreases 
with field while the slope of the (2, —1) <> (2, —2) 
curve increases with field. This difference in 
behavior is clearly indicated graphically in Fig. 
3 by the dashed curve which represents the ratio 
(B—A)/A, where B denotes the frequency of the 
line (2, —1)<>(2, —2) and A that of the line 
(2, 2)<>(2, 1). Hence if both A and B are de- 
termined at the same field the value of x ap- 
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propriate to the observed frequencies may be 
determined. A knowledge of x, of course, enables 
one to determine Av. Any pair of lines in the 
spectrum might be used for such a determination 
of Av; the lines here chosen are most satisfactory 
because their frequencies differ most widely in 
their dependence on field. In Table III are 
listed the observed frequencies of the lines B and 
A, the ratio (B—A)/A, the value of x obtained 
from this ratio, the values of v/Av appropriate to 
this value of x for both lines and finally the Av 
calculated from v/Av and the observed fre- 
quencies. We have used the value® — 1.820/1837 
as the g; of Rb*’. The equality of the values of 
Av as calculated from two lines observed at the 
same magnetic field merely verifies the accu- 
racy of the calculations. From the observations 
listed in Table III and from other similar ob- 
servations we find for the Av of Rb*’ the value 
(6833.8+1.5) X10® sec.—'. 

We may also determine the Av of Rb*’ by 
making use of the known value of the Av of Rb*®. 
For magnetic fields in the neighborhood of 750 
gauss the frequency of the line (3, — 2) < (3, —3) of 
Rb* lies close to that of the line (2, —1) <> (2, —2) 





nol 
| 
’ 62 
a 
| Pa 
102} 
} Vv 
58 
/ 
094: 
/ 
¢ 54 
086) 
v 50 
av ¢ 
ong , =A 
A 
8-4 
. 
~ 46 
| 
-O70+ 
a 
42 
062) 
38 
OS4: 
' 
34 
os! 
| « 
f 22 26 30 34 38 42 
500 600 700 800 900 ~—=»1000 


+ (gauss) 


Fic. 3. The field dependence of the frequencies of the 
lines of Rb*’ for which AF=0, Am= +1 in intermediate 
magnetic fields. 
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of Rb*’. The frequency of the Rb* line can be 
used to determine the field, and this together 
with the frequency of the Rb*’ line can, in turn, 
be used for the determination of the Av of Rb®’. It 
is not essential in this determination that the 
frequencies of the two lines lie in the same range; 
in practice, however, it is convenient to measure 
the frequencies of lines which are close together. 
By use of the Eqs. (9)—(12) of the previous paper,' 
the expression, 
4(v—gik)(gsk—v) 
Av= : (2) 
4v— (gy +3¢)k 





may be written for the calculation of Av 
from the observed frequency, v, of the line 
(2, —1)<(2, —2) of Rb*’ and the quantity . 
The value of g; is known to be —1.820/1837 and 
that of gy is 2. The quantity k is determined by 
use of the relationship, 


Moll (A v) 85 





= —X5= 1517.63x55, (3) 
h (gu — gi) 85 


where xs; may be found from a knowledge of the 


ratio v/Av for the line (3, —2)<>(3, —3) of Rb*®. 


TABLE IV. The determination of the Av of Rb*’ from the 
observation of the frequencies of the line (3, —2) <> (3, —3) 
of Rb® and of the line (2, — 1) <>(2, —2) of Rb*’. 








v (OBS.) (MC) 





v/Av Av (Mc) 
Rb Rb*? Rb*® X35 & Rb* 


659.73 | 660.75 | 0.217324 | 0.689153 | 1045.88) 6833.2 
653.95 | 656.33 | 0.215420 | 0.685447 | 1040.25) 6834.6 
654.25 | 656.63 | 0.215519 | 0.685640 | 1040.55) 6831.5 
646.59 | 650.67 | 0.212995 | 0.680699 | 1033.05} 6837.0 
659.30 | 660.38 | 0.217182 | 0.688877 | 1045.46) 6835.0 
657.74 | 659.24 | 0.216668 | 0.687879 | 1043.95) 6833.2 
669.71 | 668.26 | 0.220611 | 0.695510} 1055.53) 6835.0 


6834.2 


























In Table IV are listed the observed frequencies of 
the two lines, the value of v/Av of Rb*®, xg;, the 
values of k and the calculated values of the Av of 
Rb*’. The precision of the determination is 
affected not only by the precision of the fre- 
quency measurements, which is best estimated 
from the internal consistency of the results, but 
also by the precision with which the Av of Rb*® is 
known. An error of 0.01 percent in the latter 
quantity will introduce an error of about 0.02 
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Fic. 4. The field dependence of the frequencies of the 
lines of Cs* for which AF=0, Am= +1 in intermediate 
magnetic fields. All lines except those arising from the 
transitions (F,4)<>(F,3) and (F, —4)<>(F, —3) are 
double; to simplify the plotting we have used the mean 
frequency of the two lines which constitute a given doublet. 


percent in the Av of Rb*’. We find with this 
method the value (6834.2+1.2)10® sec.- for 
the Av of Rb*’. This result is in excellent agree- 
ment with that determined from observations of 
Rb*’ lines alone. The weighted mean of the 
results of the two methods yields for the Av of 
Rb*®? the value (6834.1+1.0) 10° sec. or 
0.22797 cm. 

The value of g; cannot be accurately de- 
termined from our present data. This arises from 
the fact that the observations are made at rather 
low values of the magnetic field. In consequence 
the term, 2giuo/7, which gives the separation of 
the components of the double lines, is small and 
cannot be determined with great precision since 
this frequency must be measured as the difference 
between two very large frequencies. We obtain as 
the g; of Rb*’ the value —1.79/1837, in satisfac- 
tory agreement with the much more precise value 
of —1.820/1837 obtained by the molecular beam 
magnetic resonance method.°® 

The ratio (Av)s7/(Av)s; should yield the ratio of 
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the nuclear magnetic moments of the two 
isotopes of rubidium on the assumption that h.f.s. 
is due solely to the electromagnetic interaction 
between nuclear and electronic spins. We obtain 
for the ratio ws7/uss the value 2.0261 +0.0003. 
This is to be compared to the value 2.026+0.004 
determined by Millman and Fox‘ by the atomic 
beam method of zero moments. The ratio of 
moments as measured directly by the molecular 

TABLE V. The determination of the Av of Cs'®* from the 


ies of the lines (4, 4) <> (4, 3) and (4,—4) <> (4, —3). 
Jee eresents the frequency of the first of these lines and B that 


of the second. 











y (OBS.) 
(MEGA- 
CYCLES) 
Av Av 
| v/ dv v/ av (mc) (mc) 
B A B/A x (B) (A) (B) (A) 








—— 


645.62 | 327.32| 1.97244 | 0.385337| 0.070243) 0.035612) 9191.2 | 9191.3 
650.52 | 328.62/ 1.97955 | 0.387365) 0.070768] 0.035749) 9192.3 | 9192.4 
684.17 | 329.54) 1.98510 | 0.388945/ 0.071178] 0.035856 9190.6 | 9190.7 


























beam magnetic: resonance method® is 2.038 
+0.010. The discrepancy of 0.6 percent lies 
somewhat outside the limits of experimental 
error, but in view of the difficulties encountered in 
the direct measurement, it does not give con- 
clusive indication of the existence of a non- 
electromagnetic interaction between nucleus and 
electron. 


Cs!** 


The nuclear spin® of Cs" is 7/2. The Av*? of its 
ground state is 0.31 cm~! or about 9300 10° 
sec.'. This large Av can be determined by the 

6V. W. Cohen, Phys. Rev. 46, 707 (1934). 


7L. P. Granath and R. K. Stranathan, Phys. Rev. 48, 
725 (1935). 
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same procedure as the first of the two employed 
in the determination of the Av of Rb*’. Figure 4 
indicates the field dependence of the frequencies 
of the lines for which AF=0, Am= +1, in the 
region of field chosen for this experiment. 
We have observed the frequency of the line 
(4, 4) <> (4, 3), which we shall call A, and that of 
the line (4, —4) <> (4, —3), which we shall call B, 
at the same magnetic field and have determined 
the value of the parameter x from the ratio of the 
frequencies of the two lines. In Table V are 
tabulated the observed frequencies of the two 
lines, the observed value of B/A, the corre- 
sponding value of x, the value of v/Av for each of 
the two observed lines and the calculated value of 
Av. We have used the value* —0.730/1837 as the 
g: of Cs™*, For the value of the field corresponding 
to the third series of observations listed in the 
table we have also observed the frequencies of 
the remaining lines in the spectrum. In the 
determination of Av from the observed fre- 
quencies of these lines we have used the value of x 
determined by the values of B and A. We obtain 
as the Av of Cs" the value (9191.4+0.9) x 10° 
sec.—' or 0.30661 cm~. 

From the splitting of the double lines we find 
the g; of Cs™ to be —0.734/1837. In view of the 
poor precision involved in the measurement of 
the small frequency, 2giuof7, which is obtained as 
a difference between two large frequencies, the 
agreement between this result and that of 
—0.730/1837 obtained by the molecular beam 
magnetic resonance method? is to be considered 
as fortuitous. 

This research has been aided by a grant from 
the Research Corporation. 
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Brilliant hemispherical anode spots appeared on a small 
disk or spherical anode mounted at the center of a large 
copper spherical discharge chamber which served as 
cathode during an investigation of nitrogen glows. Such an 
arrangement permits large anode current densities with a 
normal cathode fall in potential. At a critical current 
density at the anode, the spots form and arrange themselves 
in beautiful geometrical patterns. In nitrogen the spots 
appeared only in the pressure range of 0.15 to 1.50 mm Hg. 
Space potentials, electron temperatures, electron and ion 
densities determined by a Langmuir probe analysis revealed 
that the spots are regions of intense ionization, and that the 
region just above them contains a net positive space charge. 
The potential fall through a spot is nearly equal to the first 
ionization potential of nitrogen. A method was developed 
for growing anode spots at will on a small disk probe 


The Characteristics and Function of Anode Spots in Glow Discharges* 


























mounted flush with the anode surface but insulated from jt, 
The current-voltage characteristics for this probe, of 
auxiliary anode, exhibit peaks which account for the 
stability and size of the spots. An investigation of the 
current-voltage relationships of the entire discharge showed 
that anode spots occur chiefly in the region in which the 
current increases with small change in voltage. At suff. 
ciently great current densities the spots move about because 
of the magnetic field accompanying the discharge. The 
function of the spots is to furnish the positive ions necessary 
for the maintenance of a stable discharge in the plasma 
extending from anode to negative glow and to aid in the 
collection of electrons at the anode. A mechanism for the 
formation of the spots as a combined space charge and 
bipolar current phenomenon is proposed. 





INTRODUCTION 


N the course of some investigations of the 

general characteristics of glow discharges 
maintained between concentric spherical elec- 
trodes, an unexpected phenomenon appeared 
when the inner electrode was small and was made 
the anode. In a limited pressure range, and for the 
relatively large current densities available near 
the anode in this type of discharge chamber, the 
anode surface, instead of being coated with a 
uniform glow, became overlaid with a number of 
brilliant hemispherical spots. At times these were 
arranged in beautiful geometrical patterns of 
remarkable stability, while at other times they 
were in rapid motion. Their velocity could be 
accelerated or retarded by the application of an 
external magnetic field. 

The appearance of these anode spots in a 
nitrogen glow at various pressures and current 
densities is shown in Fig. 1. In this gas the spots 
consist of two bright layers. The inner portion of 
the spots is salmon pink, while the outer layer is 
of a yellow-orange color. A faint luminous mem- 
brane of glow covers the region between the 
spots. A thin dark space exists between the spot 


* Presented at the meeting of the American Physical 
Society, San Diego, California, June 22-24, 1938; Palo 
Alto, California, June 28-July 1, 1939. 

+ Now at the University of California at Los Ange?es, 
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and the anode itself. So long as the nitrogen was 
fairly pure, the spots were all of the same size at a 
given pressure. If the discharge was contaminated 
with air, the spots were always fewer in number, 
and not all of uniform size. 

The pattern formed by the spots depends on 
the shape and size of the anode. The number of 
spots present increases, in general, with the 
current and pressure, but is influenced somewhat 
by the surface conditions of the anode. The size 
of individual spots increases as the gas pressure is 
reduced. 

Although the observation of this phenomenon 
at first appeared to be a new discovery, a search 
of the literature revealed that it had _ been 
reported previously by other investigators. Ap- 
parently anode spots were first described by 
Lehmann! who found their occurrence in an air 
glow discharge, and were later reported by other 
workers*-> for several other gases. Thomas and 
Duffendack found the spots present in pure H;, 
N2, CO, and mixtures of these diatomic gases 
with various noble gases, but could not produce 





10, Lehmann, Ann. d. Physik 7, 1 (1902). 

2G. M. J. MacKaye, Phys. Rev. 15, 309 (1920). 

3C. H. Thomas and O. S. Duffendack, Phys. Rev. 35, 
72 (1930). 

‘E. Kiessling, Zeits. f. Physik 96, 365 (1935). 

5A. Guntherschultze, W. Bar and H. Betz, Zeits. f. 
Physik 109, 293 (1938). 
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ANODE SPOTS IN 





them either in O2 or in pure noble gases in a 
discharge tube which had been carefully cleaned 
and outgassed. 

In all these investigations only those charac- 
teristics of anode spots which could be observed 
visually were studied. Specifically, the influence 
of the nature of the gas and the electrodes, cur- 
rent density, pressure, and duration of the 
discharge on the pattern, number, size, motion 
and permanence of the spots were investigated. 
No attempt was made either to correlate the 
occurrence of the spots with the general circuit 
characteristics of the discharge or to study the 
electrical properties of the individual spots. 

The researches described in the present paper 
were performed in order to acquire quantitative 
information about the physical conditions associ- 
ated with anode spots which might possibly lead 
to a better understanding of the processes which 
occur in their formation as well as their function 
in the maintenance of a stable discharge. 


METHOD OF INVESTIGATION 


The Langmuir dynamic method of probe 
analysis permits the determination of the space 
potentials, electron temperatures, and densities 
of electrons and positive ions in those regions of a 
discharge known as a plasma.*~* Since a map of 
these quantities provides the most information at 
present obtainable about the electrical structure 
of gaseous discharges, it was determined to make 
such an analysis of anode spots. 

A preliminary attempt to investigate an anode 
spot occurring at the edge of a disk electrode in 
this way resulted in failure as the spot was 
repelled by the probe. A method was developed 
for growing and anchoring a spot on a small 
auxiliary electrode mounted flush with the sur- 
face of the anode but insulated from it. This 
permitted a probe analysis of the region sur- 
rounding a spot so formed and anchored. 

A study was made of the current-voltage 
characteristics of the auxiliary electrode during 
the growth of spots upon it. The information so 
obtained provides a possible explanation of the 








*1. Langmuir and H. Mott-Smith, Jr., Gen. Elec. Rev. 
27, 449 (1924). 

7H. Mott-Smith, Jr., and I. Langmuir, Phys. Rev. 28, 
727 (1926). 

*]. Langmuir and H. Mott-Smith, Jr., Gen. Elec. Rev. 
27, 767 (1924) 
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remarkable stability of the anode spots and their 
function in maintaining a stable discharge. 

Finally, the external circuit characteristics of 
nitrogen glows maintained in the spherical dis- 
charge chamber were studied. This was done to 
reveal any relationship existing between these 
circuit characteristics and the occurrence of 
anode spots. 





Fic. 1. Anode spots on a spherical anode. (a) Pressure 
1.25 mm Hg, current 420 ma; (b) 1.20 mm Hg, 420 ma; 
(c) 0.79 mm Hg, 425 ma; (d) 0.41 mm Hg, 465 ma; (e) 
0.36 mm Hg, 390 ma; (f) 0.26 mm Hg, 400 ma. 


APPARATUS 


The discharge chamber in which these investi- 
gations were made was primarily designed for the 
purpose of studying glow discharges between 
spherical electrodes. It was admirably suited to 
these researches, since it provided a very large 
cathode area (708 sq. cm) which permitted the 
attainment of very large values of drift current 
for a normal cathode fall of potential. This 
permitted far greater current densities at the 
anode than were attainable in former investi- 
gations. The parasitic charging of insulating 
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Fic. 2. Discharge chamber and circuit diagram. 


surfaces due to the diffusion of ions and electrons 
to them was practically eliminated by the nature 
of the apparatus itself. This feature made the 
discharge currents which are ordinarily con- 
sidered to be unsteady, very steady, and con- 
tributed greatly to the reliability and success of 
the experiments. 

The discharge chamber and the circuit are 
shown schematically in Fig. 2. The chamber 
consists of two spun flanged copper hemispheres 
clamped together between steel rings with “C”’ 
clamps. A ring of fuse wire, clamped between the 
flanges, effected an airtight seal. The anode which 
was a copper sphere, 5.1 cm in diameter, or a 
circular disk mounted concentrically with the 
outer sphere was supported by a rod or tube of 
copper insulated from the discharge with a sheath 
of Pyrex tubing. 

The circuit is shown diagrammatically in this 
figure. The potential difference for maintaining 
the discharge was supplied by a 1500-volt d.c. 
generator. The series ballast resistance, Ri, a 
rheostat having a maximum value of 21,400 
ohms, was always kept in the circuit to assure 
stability. 

The probe used to study the spots was a 
cylinder of tungsten wire 0.5 cm long, and 0.013 
cm in diameter. This probe was fastened with a 
braid of fine copper wire to a windlass which was 
turned through a conical ground glass joint at the 
top of the probe tower. The probe tower was 
mounted on the spherical or “‘ball and socket”’ 
ground glass joint which permitted an angular 
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displacement from the axis of the probe tower 
as well as a rotation of the probe about it.® With 
this arrangement any of the region above the 
anode or to the side of it contained within the 
frustrum of a limiting cone could be explored 
with great facility and precision of adjustment. 
This probe was used to investigate the plasma 
which surrounds the spots. 

These experiments were performed in fairly 
pure, dry nitrogen which was used for several 
reasons. Brilliant spots of great stability formed 
in it quite readily in a very convenient pressure 
range and with good reproducibility of results. If 
air should leak into the chamber or be released 
from the walls the purity is not changed greatly 
since the oxygen cleans up and combines with the 
cathode surface after a few hours of running. The 
gas was obtained from a tank of commercially 
pure nitrogen and was slowly passed through a 
liquid-oxygen trap into a reservoir which had 
previously been evacuated with a 2-stage mercury 
diffusion pump and flushed several times. It was 
released from this into the discharge chamber as 
needed through another trap which was kept at 
all times in a slush of dry ice and acetone. 


ANODE SPOTS ON A SPHERICAL ELECTRODE 


When the anode was a copper sphere, it was 
coated with a uniform glow at all pressures 
exceeding 1.50 mm Hg and for drift current 
values not greater than 500 ma. If the pressure 
was increased or the current decreased so that 
the anode was not saturated with glow, the 
luminous region adjoining the anode grew thicker 
and more diffuse. For nitrogen discharges, anode 
spots never occurred at pressures exceeding 1.50 
mm Hg for the current densities available. 

Ata pressure of 1.25 mm Hg and a drift current 
of 420 ma some spots appeared on the part of the 
anode facing the cathode glow as shown in Fig. 
la. At this pressure, if the current is increased, 
the spots move about so rapidly that the glow 
appears to be uniform once more. With the 
current constant and the pressure reduced to 1.20 
mm Hg, some of the spots had an oscillatory 
motion, while others remained at rest as shown in 
Fig. 1b. As the pressure was further reduced the 


*S. M. Rubens and J. E. Henderson, Rev. Sci. Inst. 


10, 49 (1939). 
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spots increased in size and diminished in number 
yntil at 0.15 mm Hg only one large spot was 
present. These effects are illustrated in Fig. 
ic, d, e, and f. Since the spots were more or less 
uniformly distributed over the surface of the 
sphere, somewhat more than half the total 
number of spots are visible in the photographs. 
The single spot occurring at 0.15 mm Hg was not 
in a convenient position for photography. At a 
given pressure, the spacing of the spots changes 
only slightly with the current regardless of the 
number present. 

On a disk anode, the spots are evenly spaced in 
aring about the edge of the disk. Even though the 
ring is not completely filled, the spacing seems to 
be fixed for spots of a given size. If both faces of 
the disk are exposed to the discharge so that there 
is a ring of spots on each face of the anode, the 
positions of the spots on one face are between 
those on the other. 


ProBE ANALYSIS OF AN ANCHORED Spot 


When the cylindrical probe was used for ex- 
ploring the discharge in the vicinity of a spot 
formed at the edge of the disk anode, data were 
obtained which were valid for determining the 
space potentials, electron temperatures and ion 
densities. However, when it was attempted to 
penetrate the spot with the probe, the spot was 
repelled so long as the probe potential was 
sufficiently negative for it to collect positive ions. 
In fact, it was not possible to penetrate the 
surface of a spot with the probe unless its 
potential was 15 volts or more positive with 
respect to the anode. If the probe was placed 
between two spots, and if its potential was raised 
to a positive value in excess of 15 volts, a spot 
formed which enveloped the probe wire and 
rested on the anode. This occurred so long as the 
probe was not more than a few millimeters 
distant from the anode regardless of its position 
relative to the center of the anode. In appearance 
and behavior a spot so formed resembled those 
which occurred spontaneously at the edge of the 
anode. If the probe was moved, this glowing spot 
moved with it, and when it approached one of the 
spots already present at the rim of the anode, the 
spots repelled one another. Evidently there is a 
repulsive interaction between the positive ion 


sheath surrounding the probe and the anode 
spots. Anode spots, therefore, must possess an 
intrinsically positive charge. All these effects 
suggested that a spot might be formed and 
anchored on a small auxiliary disk electrode 
mounted flush with the anode surface but 
insulated from it. 

The construction of an anode having at its 
center an auxiliary anode or plane circular probe 
at the center is shown in Fig. 3. The auxiliary 
anode is a copper disk 0.60 cm in diameter and is 
insulated from the anode proper with a thin mica 
washer. The anode is a circular copper disk 8.00 
cm in diameter and 0.275 cm thick. 

When the disk probe was made sufficiently 
positive with respect to the anode, as expected, a 
spot, which exhibited all the characteristics of 
those which appeared spontaneously at the edge 
of the anode, formed on it. When this took place, 
the current to the plane probe increased discon- 
tinuously to several times its former value. In a 
nitrogen discharge, the potential to which the 
disk probe had to be raised in order to form a spot 
ranged from 0 to 10 volts depending on the pres- 
sure, total drift current, and the anode surface 
conditions. The manner in which the probe 
potential necessary to form the spot depended on 
the drift current when the pressure was held 
constant at 0.50 millimeter is shown in Fig. 4. If 
the current density was sufficiently great the spot 
occurred when the probe potential was zero, and 
if the current was further increased, the probe 
potential had to be made negative in order to 
remove the spot. This fact shows that for a given 
pressure of nitrogen a spot forms when the 
current density reaches a critical value. 

Once the probe was made sufficiently positive 
to form a spot, reversing the potential of the 
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Fic. 3. Diagram showing construction of the anode 
having at its center an insulated circular disk probe or 
auxiliary anode upon which anode spots were grown. 
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Fic. 4. Curve showing the variation with the drift 
current of the disk probe potential at which a spot forms 
in Nz at 50 mm Hg pressure. 


probe did not cause the spot to fade out if the 
drift current was greater than 100 milliamperes. 
Instead, the spot moved away from the plane 
probe as soon as the probe began to collect 
positive ions and came to rest between the plane 
probe and the edge of the anode where spots were 
already present. If the flat probe was again made 
positive, this spot did not return to the probe, but 
another spot formed which again moved away 
upon reversal of the probe potential. At drift 
currents of 300 ma or more, a continued repetition 
of this procedure resulted in the formation of a 
ring of spots between the center and the edge of 
the anode. As many as six equally spaced spots 
could be placed in this inner ring. As the spots 
moved away from the center toward the edge of 
the anode, they became more brilliant and more 
sharply defined. Simultaneous with this increase 
in number of spots an increase in the total drift 
current occurred. 

Ata pressure of 0.48 mm Hg and a drift current 
of 200 ma there was a very symmetrical distri- 
bution of spots around the edge of the disk 
anode. Ten spots rested on the upper surface and 
ten on the lower one in alternating positions. 
Under these conditions a spot which had a radius 
of about 0.5 cm was formed and anchored on the 
plane probe when its potential was 1.70 volts 
positive with respect to the anode. 

After this spot was formed on the flat disk 
probe, the movable cylindrical probe was used to 
explore the region surrounding it. The axis of the 
probe wire was kept parallel to the anode surface 
in all the measurements which were along two 
lines normal to the anode surface, one passing 
through the center of the flat probe and the other 
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displaced one centimeter from the center. Thys 
the first line passed through the upper surface of 
the spot, and the other was about 0.5 cm removed 
from the base of the spot. 

The probe current-voltage characteristics were 
obtained in the usual manner by plotting the 
current collected by the probe against the probe 
potential. These plots were typical of cylindrical 
probe characteristic curves, and the Langmuir 
type of analysis permitted the electron tempera. 
ture, 7, the space potential, V,, the positive jon 
density, N,, and electron density, N., to be 
computed from them. Logarithmic plots of the 
electron currents against the probe potential were 

inear except in the vicinity of the space potential 
so that a Maxwellian distribution of electron 
velocities could be assumed. 

The results listed in Table I were computed 
from the probe measurements made directly 
above the central spot while those in Table I] 
resulted from the measurements taken to one 
side of it. In Fig. 5 the space potentials and 
electron temperatures are plotted for these two 
sets of data. The solid lines are for the measure- 
ments directly over the spot, whereas the broken 
lines represent points which are 1 cm displaced 
from the center of the anode; that is, to one side 
of the spot. The diagram below the graph 
indicates on the same scale the position of the 
points where the probe measurements were made. 
The dotted semicircle represents the observed 
boundary of the spot, and the numbers are the 
values measured from the anode of the space 
potential at each point. The shape of the full line 
curve marked V, clearly indicates that the spot 
is a sheath, since the space potential rises rapidly 
as the boundary of the spot is approached. The 


TABLE I. Results of the probe analysis of the region directly 
above an anchored anode spot. 











DISTANCE 
FROM Te V. Ne N Pp 

ANODE CM °K VOLTs ELECTRONS/CM?® +10NS/cM* 
0.40 26,600 11.2 6.64 Xx 107 7.3 X 10° 
0.53 23,200 12.0 8.90 x 107 5.3X 10° 
0.70 11,600 15.5 1.10 108 4.0x 10° 
0.80 11,600 16.0 1.17 108 4.0X 10° 
1.00 11,500 17.0 1.52 108 3.8X 10° 
1.50 12,100 17.6 1.66 x 108 2.8 Xx 10° 
2.40 12,100 18.0 1.59 x 108 2.5 10° 
3.50 11,000 18.5 1.46 x 108 2.2.x 10° 
4.50 11,100 18.7 1.52 108 1.7x1¢° 
5.50 10,100 18.8 1.46 108 1.6X 10° 
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closeness of the two V, curves at points more 
than 1 cm from the anode as well as the small 
slope in this region shows that the potential 
gradients are low. Tables I and II show that there 
are about ten times as many positive ions per cm* 
as electrons. As the spot is approached from 
directly above the positive ion density increases 
quite rapidly while the electron density decreases. 
On the other hand, the positive ion density 
decreases as the anode is approached to one side 
of the spot. These facts imply that the uppermost 
part of the spot and the region just above it 
contain a considerable net positive ion space 
charge. An examination of N, and 7, in Table I 
shows that electrons are drawn from the plasma 
surrounding a spot by the spot itself. Evidently 
the spot serves as an efficient collector of electrons 
for the anode. 

Further evidence of the existence of positive 
ion space charge in the outer layer of the spot 
comes from the examination of the probe charac- 
teristic representing measurements taken when 
the probe is 0.40 cm above the center of the 
anode. At this distance the probe actually caused 
severe distortion of the spot when its potential 
was sufficiently negative so that an extensive 
positive ion sheath surrounded it. The current- 
voltage characteristic taken 0.40 cm above the 
anode together with the one at 1 cm above the 


TABLE II. Results of the probe analysis of the region 1 cm 
from the center and to the side of an anchored anode spot. 











DISTANCE 
FROM Te Vv. Ne Np 

ANODE CM °K VoLts ELECTRONS/CM?® +10NS/cCM? 
0.50 11,700 16.5 1.15 10° 1.34 10° 
1.00 12,100 17.4 1.74 10° 2.08 x 10° 
2.00 10,600 18.7 1.74 108 2.55 X 10° 
3.00 10,600 18.8 1.58 x 10° 2.38 X 10° 
4.00 11,600 19.2 1.58108 + | 2.19109 
5.00 10,800 19.3 1.58 x 108 1.76 x 10° 




















anode are shown in Fig. 6. Emeleus and Brown!'® 
have shown that presence of concave downward 
curvature in the positive ion branch of the 
characteristic near the floating potential is always 
indicative of the presence of positive space 
charge. This anomaly is clearly exhibited in the 
curve for 0.4 cm while the one taken at 1.0 cm 


above the anode is a normal characteristic. Thus, 


“ K. G. Emeleus and W. L. Brown. Phil. Mag. 27, 898 
(1936). 
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Fic. 5. Space potential and electron temperature dis- 
tributions directly above and to one side of an anode spot 
formed on the disk probe or auxiliary anode. 


there is a small region near the upper surface of 
the spot which is densely populated with positive 
ions. This fact explains two things. First, it shows 
that the spots are an efficient region of positive 
ion generation. Second, it provides a plausible 
explanation for the symmetrical patterns formed 
by the spots, since the spots represent a net 
positive charge. The probe measurements indi- 
cate that the ionized gas in between the spots is a 
plasma, where the net space charge and potential 
gradients are small. Since the motion of the spots 
was influenced by external magnetic fields, and 
since the electron temperature increases markedly 
as the spot is approached, it may be assumed in 
agreement with Thomas and Duffendack that the 
spots consist of localized bipolar current beams. 
Two neighboring spots would then constitute 
portions of two localized parallel currents, and 
would attract each other if it were not for their 
associated positive space charge which repels 
electrostatically. A balance exists between the 
electrostatic repulsion of the localized space 
charge regions and the magnetic forces arising 
from the interaction of the current beams pro- 
ducing a stable pattern. 
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Fic. 6. Normal and anomalous cylindrical probe char- 
acteristics showing the effect of positive space charge as 
observed directly above an anode spot. 


From the map of the space potentials, Fig. 5, 
the anode fall through the spot can be deter- 
mined. The surface of the spot is an equipotential 
which is 14.0 volts negative with respect to the 
anode. The flat probe, on which the spot was 
anchored during these investigations, was 1.70 
volts positive with respect to the anode. Thus the 
total potential fall through the spot is 15.7 volts. 
The normal anode fall should be at least equal to 
the first ionization potential of the gas." The 
most recently accepted value of the first ioniza- 
tion potential of Ne is 15.50 volts" so that the 
agreement is excellent. The plasma just outside 
the surface of the spot contains electrons which 
have a Maxwellian velocity distribution associ- 
ated with a temperature of about 23,000°K. 
Therefore, the average energy of the electrons at 
this point is $K7, or about 3.0 electron volts. 


Spot GROWTH CHARACTERISTICS 


The auxiliary anode upon which the spots were 
formed and anchored was also used as a probe for 
investigating the current-voltage relationships 
for the discharge within the spot itself. If the 


1 A. von Engel and M. Steenbeck, Electrische Gasent- 
ladungen, Vol. 2, p. 93. 

938) E. Worley and F. A. Jenkins, Phys. Rev. 54, 305 
(1 . 
8 J. Kaplan, Phys. Rev. 55, 111 (1939). 
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potential of the plane probe is increased beyond 
the amount necessary to form a spot upon it, the 
spot at first increases in brilliance as the current 
to the probe increases. At a critical value of the 
probe potential the current reaches a gh 
maximum from which it rapidly falls. The 
potential at which the current maximum occurs jg 
definite and reproducible for a given drift current 
and pressure so long as the surface conditions of 
the probe do not change appreciably. At pres. 
sures of 0.15 mm Hg and less no maximum js 
present and the current increases continuously 
with the probe potential. This is the pressure at 
which only one spot forms on the anode for all] 
current densities up to the maximum value 
allowed by the power supply. This effect jg 
illustrated in Fig. 7 and Fig. 8. 

In each case the spot forms at the discontinuity, 
increases in brilliance until the current maximum 
has been reached, and then rapidly dims and 
shrinks in size as the current decreases’ with 
increasing probe potential. After the current 
minimum has been reached, the spot again grows 
in size, exceeding the dimensions of the spots 
occurring at the edge, and becomes far more 
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Fic. 7. Disk probe current-potential curves for the 
formation of a spot in N» at various pressures and constant 
drift current (220 ma). 
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brilliant. At the current density corresponding to 
the maximum, the artificially grown spot is 
indistinguishable from those occurring naturally. 
Evidently the spots develop until this condition 
is reached. Since further development entails a 
smaller current to the spot as the maximum is 
passed and the general circuit conditions demand 
an increase in current, new spots form to meet 
this current increase rather than the continued 
growth of any one spot. 


CrRCUIT CHARACTERISTICS FOR DISCHARGES 
Wuicu INCLUDE ANODE Spots 


Current-voltage characteristics of the spherical 
discharge chamber curves were obtained in a 
nitrogen glow for several different pressures. 
Figure 9 shows a set of curves obtained when the 
disk anode illustrated in Fig. 3 was employed at 
various pressures. Almost identical curves were 
obtained when a spherical anode 5.1 cm in 
diameter was used. In each case there is a portion 
where the currents are low and the voltage falls 
steeply with increasing current. Along this part 
of the curve the anode was not yet covered with 
glow, and what appeared to be a short positive 
column or possibly an extended sheath protruded 
from the anode. At two- or three-tenths of a 
mm Hg pressure, and at currents below 10 
milliamperes, the positive column became stri- 
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Fic. 8. Disk probe current-potential curves for the 
formation of a spot in N» at various drift currents and 
constant pressure (0.45 mm Hg). 
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Fic. 9. Characteristic current-voltage curves at various 
pressures for an N>» glow discharge with a large circular 
disk as anode. 


ated, the number of striations decreasing as the 
current was increased. At higher pressure values 
the positive column was uniform. In any case, 
whenever a positive column was present, the 
cathode glow appeared as a small circular patch 
of light, no larger than the anode so that the 
discharge path was a narrow tubular region con- 
necting the anode to the cathode glow. When the 
current density was enhanced, the glow at the 
cathode was spread over a greater area, and at a 
critical current density a well-defined anode glow 
replaced the positive column. This critical cur- 
rent density occurs where the steeply falling 
portion of the characteristic breaks into the flat 
portion. 

In each case the voltage fell to a small but 
rather sharp minimum just as the anode became 
covered with glow and then leveled off to a rather 
long flat or gently rising portion. The shape of 
these curves is quite reproducible, but their posi- 
tion along the voltage axis depends to a large 
extent on the surface conditions of the anode as 
well as the position of the cathode glow on the 
outer sphere. At the higher pressures the cathode 
was never saturated and the small irregular patch 
of cathode glow appeared at different positions 
depending upon the discharge path during igni- 
tion. The size of the generator limited the current 
to 500 milliamperes. 

The spots first appear at the beginning of the 
transition from the steeply falling to the flat 
branch of the curve, and increase in number until 
a complete ring of evenly spaced spots has 
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formed around the edge of the disk. It is seen 
that the length of the flat portion of the curves 
increases with the pressure, and this flat portion 
of the characteristic curve is also directly related 
to the number of spots present. In fact, the spots 
undoubtedly furnish the mechanism for increasing 
the current with practically no change in the 
total voltage drop across the chamber. 

At a given pressure the number of spots in- 
creased with increasing current so long as the 
pressure was greater than 0.15 mm Hg. At pres- 
sures of 0.40 mm Hg and above, this occurred 
along the flat and rising portions of the current- 
voltage curves, but at pressures below 0.40 mm 
only along the rising portion. For large current 
values the spots were usually in rapid motion and 
the voltage increased but very little. Sometimes 
the pattern of spots as a whole rotated with a 
constant velocity, while at other times some of 
the spots remained at rest while others moved 
about. If an external magnetic field was applied, 
this motion could be increased, stopped, or even 
reversed. From these observations, it may be 
concluded in agreement with Thomas and 
Duffendack that the spots consist of individual 
current beams and that their motion is due to the 
interaction of the magnetic field which ac- 
companies these beams with other magnetic fields 
that may be present. 

At 0.15 mm of mercury pressure there is a 
fairly narrow minimum but no flat portion for the 
curve. It is at this pressure that only one large 
spot occurs. This single spot increased in size as 
the current was increased and suddenly changed 
over into a uniform whitish glow on the rising 
portion of the curve. A further increase in current 
caused the glow to become thinner and brighter. 
At a critical current value, the glow disappeared 
entirely, the entire chamber being filled with a 
faint luminosity. At about 0.10 mm Hg pressure, 
the spot having grown in size, suddenly collapsed 
and a uniform glow enveloped the anode. A 
further decrease in pressure or increase in current 
causes this glow to shrink in thickness and in- 
crease in brilliance. As the pressure is still further 
reduced, the minimum becomes more narrow, 
and the falling branch becomes shorter until at a 
pressure of 0.05 mm Hg there is only a rising 
curve. This type of characteristic does not 
accompany the formation of anode spots at all. 
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Fic. 10. Curve showing the variation of the disk-probe 
current with the total drift current at 0.44 mm Hg 
sure when the _— is maintained at the anode potential 
so that a spot forms’spontaneously upon it. 


In order to see if the current peaks which are go 
clearly exhibited in the probe current-potential 
curves have any counterpart in the spots which 
appear on the anode spontaneously, the probe 
potential was maintained at that of the anode, 
and the probe current was recorded as the drift 
current in the discharge was varied. The results 
are shown in Fig. 10. 

Two peaks are clearly present when the drift 
current is varied rapidly, but when its value is 
changed slowly enough so that the data could be 
recorded, the first peak was reduced to a short 
plateau. The rapid rise in probe current at about 
70 ma drift current was accompanied by the 
appearance of a diffuse spot which covered the 
probe. As the drift current was increased, the 
spot grew brighter and became more sharply 
defined. When the peak at 150 ma was passed, 
the spot became less bright and its size was 
lessened just as was the case of the spots which 
were formed by altering the probe potential. 
Simultaneously, another spot appeared at the edge 
of the anode just as the current peak was passed. 

The fact that a spot appears when the flat 
probe collects a definite current, and that as the 
total drift current is increased, the probe current 
passes through a peak even though the surface o 
the probe is at the anode potential, is further 
evidence that the spots formed by altering the 
probe potential are of the same nature as thos 
which are formed spontaneously. 
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ANODE SPOTS IN 


SUMMARY OF THE EXPERIMENTAL RESULTS 


The following are the more important con- 
clusions that may be drawn from these investi- 
gations regarding anode spots : Anode spots occur 
in glow discharges when the current density at the 
anode becomes sufficiently great. They are 
regions of intense ionization, consisting of elec- 
tron beams flowing into the region, toward the 
anode, and positive ions flowing out, toward the 
cathode. The spots are regions which possess a 
net positive charge and are bounded by a 
plasma. The mutual repulsion of these positive 
space charges combined with the magnetic at- 
traction of parallel ion beams gives rise to the 
stable spot patterns. Their size is determined by 
the pressure, and is larger the lower the pressure. 
The electrons from the plasma gain energy 
rapidly as they approach the spot. 

The current-voltage characteristic curves are 
almost flat in the region in which spots occur, 
there being a slight increase in voltage for a large 
change in current. The potential drop through a 
spot isapproximately the first ionization potential 
of the gas in the tube and corresponds well with 
the normal anode fall. The spots serve to furnish 
the additional positive ions necessary to keep the 
discharge stable as the current increases, and to 
collect electrons from this plasma which sur- 
rounds them. The current-voltage characteristic 
of an individual spot possesses a sharp maximum. 
The normal condition of a spot is the current 
density corresponding to this maximum. Since a 
further increase in voltage results in a current 
decrease, a new spot tends to form resulting in 
many spots instead of one large one. 


THE MECHANISM OF ANODE Spots 


The data accumulated in these researches are 
adequate for postulating a mechanism which 
explains the stability of anode spots as a combined 
space charge and bipolar current beam phenom- 
enon. As the gradients are low in the discharge 
except for the anode and cathode fall, the only 
place where positive ions can be generated and 
still serve their function in the plasma is in the 
anode fall. From the flat characteristics found for 
this type of discharge, an increase of current with 
a small increase in voltage must result in both an 
increased positive ion production at the anode as 
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well as an increase in electron collection from the 
plasma. The ions are necessary to maintain the 
plasma between the anode and negative glow 
with the increased electron current and perhaps 
even play an additional important role in the 
electron production at the cathode corresponding 
to the current increase. Ordinarily the anode glow 
supplies sufficient positive ions for this purpose. 
When the anode is made small and the cathode 
large, resulting in a large current density at the 
anode, the normal anode glow cannot produce the 
necessary ions, and the anode spots develop to 
provide these ions. The results of the Langmuir 
probe analysis show that the space potential in 
the vicinity of the anode spot reaches a value 
close to the normal anode fall at a comparatively 
large distance from the anode. As a result, the 
electrons acquire sufficient energy to ionize while 
their remaining path to the anode is yet long 
enough to permit a high probability of ionization. 
The anode fall region should be related to the 
production of positive ions in a manner somewhat 
analogous to the way in which the cathode fall is 
related to the release of electrons from the 
cathode under positive ion bombardment. In 
addition to producing positive ions, the spots 
effectively increase the anode area and provide 
an efficient means of collecting electrons from the 
plasma. 

The mechanism involved in the case of the disk 
anode may be explained as follows. When the 
current density at the anode is small, a thin glow 
surrounds the anode. This glow in turn is sur- 
rounded by a plasma where the net space charge 
is very low but which contains of the order of 10° 
particles of each sign per cm*. The equipotentials 
surrounding the anode probably differ only 
slightly from the electrostatic case. The drop 
through this glow is about the same as the first 
ionization potential of the gas. Although the 
distance traveled by the electrons which acquire 
this energy is small, they produce sufficient 
positive ions for the requirements of the discharge. 
As soon as the current reaches such a value that 
this normal glow cannot supply sufficient positive 
ions, this glow or sheath thickens, with the drop 
through it remaining about the same. The in- 
crease in current to the disk anode is not uniform. 
As is shown in Fig. 11, the lines of force converge 
toward the edge providing a lens or focusing 
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Fic. 11. Possible charge, field and potential distribution 
about the disk anode. (a) When the current is small. 
The auxiliary anode is at the same potential as the anode 
proper. A thin electron sheath surrounded by a positive 
ion sheath exists near the anode. In the outer regions a 
plasma exists when the net space charge is nearly zero. 
(b) The same except that the current is large. (The field 
converges electrons towards the edge producing intense 
ionization.) The increased positive space charge near the 
edge attracts still more electrons to this region. (c) The 
same as (b) except that the auxiliary anode is maintained 
positive with respect to the anode proper. Under these 
conditions a spot forms on this auxiliary anode for the 
same reason as at the edge. 














effect which concentrates the electrons on the 
edge where they produce a corresponding intense 
ionization. The presence of these groups of 
positive ions with their low mobility results in a 
net positive space charge in this vicinity which in 
turn tends to further concentrate electrons upon 
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this region. The space potential within the Spot 
may rise above the anode due to this space 
charge, as occurs in the low voltage arc. The net 
result is the formation of the spot at the edge, 
The lower diagram in Fig. 11 shows how this 
same mechanism operates in the case of the 
artificially grown spot on the auxiliary anode 
Here the distortion of the equipotential resulting 
in the “lens effect” is produced at will by raising 
the potential of the auxiliary anode above the 
anode proper. A spot, once produced, should be 
stable and persist as a spontaneously formed 
spot. This was observed experimentally. In the 
case of the spherical electrode, the same process 
occurs except that some mechanism must operate 
to initiate the spots. Any localized thickening of 
the sheath due to surface irregularities or other 
causes will serve this purpose. 

Electrons must converge toward these spots 
and from them positive ions must diverge into 
the plasma. These beams have magnetic fields 
associated with them which together with the 
intrinsic positive charge possessed by each spot 
produces the even spacing around the edge of the 
disk and the regularity over the sphere. Such a 
beam of positive ions collects electrons from all 
around it and tends to converge them to the 
boundary of the spot, furthering the process 
detailed above. 

Such a mechanism does not require a greatly 
enhanced drop across the discharge as a whole to 
produce a large increase in current. The change in 
space charge distribution merely results in an 
extended positive ion beam which in turn collects 
more electrons from the plasma. 

The maximum in the individual spot charac- 
teristics is evidently responsible for the formation 
of many spots rather than the continued growth 
of one spot. The reason for this maximum is not 
immediately apparent. Possibly below and near 
the peak the electrons have sufficient energy to 
excite and not ionize except by cumulative 
action. Beyond the peak, ionization may occur 
directly resulting in a dimming of the spot and 
less electrons reaching the probe since the slower 
electrons produce a thicker electron space charge 
sheath near the anode. A spectroscopic exami- 
nation should reveal the energy changes occurring 
on collision within the spot. It must be re 
membered that although the current to the 
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CHART FOR THE NATURAL CONSTANTS 


auxiliary anode decreases, the current as a whole 
increases as another spot is forming elsewhere. 
At high pressures, because of frequent collisions, 
the spot can extract electrons from a relatively 
small region of the plasma resulting in many 
spots close together while at low pressure this 
region from which electrons are drawn is large 
and the spot correspondingly large. 
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Anode spots will play an important role in those 
devices in which the currents are large and the 
anode areas small. They should occur at the 
anode when the transition from glow to arc is 
approached and in gaseous discharge devices 
employing thermionic emitters or cathode spot 
emitters where the discharge current may become 
large. 
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A Complete Isometric Consistency Chart for the Natural Constants e, m and h 


Jesse W. M. DuMonp 
California Institute of Technology, Pasadena, California 


(Received December 12, 1939) 


The purpose of this paper is to show in greater detail the construction and use of a certain 
type of consistency chart already briefly described by the author in a previous paper, and by 
means of it to exhibit, with a few minor changes and some important new additional data, the 
present status of the dilemma regarding the values of e, m and h which grows out of the dis- 
crepancy between various results of careful measurements of functions of these variables. The 
discrepancy itself remains practically as glaring and just as unexplained as ever. Scales have 
been added permitting the values of e, m and h corresponding to any intersection point to be 


read off directly. 


THREE-DIMENSIONAL REPRESENTATION 


ERY few experiments have been performed 

which measure any one of the three atomic 
constants alone without involving one or both 
of the others. Thus the values of e, m and A are 
usually obtained by combining the results of 
several types of experiment and solving a system 
of simultaneous equations. There are, however, 
a great number of ways in which this can be done 
and these lead to different results so that it 
becomes desirable to find some graphic repre- 
sentation to exhibit as impartially as possible 
the inconsistency situation. 

In a recent article’ on the natural constants 
which will here be referred to as I NC the 
question of the interconsistency of measurements 
of functions of the atomic constants e, m and h 
was discussed by means of a graphic chart which 
was essentially an isometric? projection of a 

1J. W. M. DuMond, Phys. Rev. 56, 153 (1939). 

*Since several different methods of plotting the inter- 
consistency of determinations of functions of e, m and h 
have been proposed and R. T. Birge (Phys. Rev. 57, 250A 


(1940)) has recently even discussed “‘an indefinitely large 
number of variations of such types of chart” it seems 


three-dimensional plot of the situation. If one 
thinks of the values of e, m and h as plotted along 
the three axes of a three-dimensional rectangular 
Cartesian coordinate system, then each function 
of e, m and h for which some physical experiment 
yields a numerical value is represented by a 
surface in this three-dimensional space. Since the 
functions of e, m and h determined by experiment 
are essentially product functions the general 
equation for such a surface is 


(1) 


in which certain of the exponents may, of course, 
be zero; e.g. the case of the direct determination 
of e independent of h and m (q=0, r=0). At 
least three of these surfaces are required to 
determine a point (e, m, h) in this three-dimen- 
sional space. With more than three surfaces 
over-determination may exist and this may be 
coupled with inconsistency so that various dif- 


evhim' =A; 


advisable to adopt suitable descriptive names for some of 
the outstandingly interesting ones. The present author 
wishes to take such a responsibility only in the case of the 
type of chart which he originated and he suggests for it 
the name isometric chart. 
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ferent points may be determined by the mutual 
intersection of different triplets of surfaces. The 
pattern of variously tilted intersecting surfaces 
in the small region in three-dimensional space in 
the vicinity of these intersections therefore tells 
the entire story as to the consistency of the 
determinations. If all determinations are com- 
pletely consistent, all the surfaces will intersect 
in a common point whose coordinates are the 
values of e, m and h. 

We have said that at least three surfaces are 
necessary to determine a point in this three- 
dimensional space. Jt is important to realize, 
however, that three such independent surfaces may 
not be sufficient to determine a point of intersection, 
for these surfaces may intersect in a common 
line rather than in a common point. It is of 
primary importance therefore to classify the 
equations corresponding to each type of experi- 
ment into groups having common lines of inter- 
section for two reasons: first, in order to get a 
clear picture of what various combinations of the 
experiments do or do not determine and second, 
to select, if possible, a most advantageous 
direction in which to project the entire situation 
on a plane for the purpose of constructing a two- 
dimensional chart. It is evident that the way in 
which a system of equations permits of classi- 
fication into such groups is a very fundamental 
absolute property of the system quite inde- 
pendent of any particular geometrical method of 
representation. The importance of these con- 
siderations in connection with the atomic 
constants seems to have been overlooked in 
published work up to its recognition in I NC. 

The orientation of each surface in space 
depends on the nature of the function e?h%m” 
which it represents, while the numerical value A; 
determined by an experiment fixes the position 
or location of the surface (its origin distance if it 
is a plane). To give symmetry of treatment and 
freedom from an arbitrary choice of the scales of 
e, m and h the author has plotted along the three 
Cartesian axes not e, m and h directly but 
(e—eo)/€o, (m—mo)/mo, (h—ho)/ho, where éo, mo, 
ho are values of e, m and h chosen as an arbitrary 
reference or origin point for the new chart. So 
long as this choice of éo, mo, ho is judicious so 
that for the entire region of interest where inter- 
sections occur none of the three variables, 
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X= (€—€9)/€0, Xm=(mM—my)/mo, X_= (h—No)/hy 
ever exceeds, say, 0.5 percent it is obviously 
possible, by dropping higher order terms, to 
replace each of the curved surfaces by a plane 
which will nowhere in the region of interes, 
deviate from the curved surface by an amount 
appreciable for our purposes.* The numerical 
constants A; determined by some particular 
experiment, 7, are replaced by pure numbers 
ai=(Ai—Aio)/Ai where A io=eo?ho%my’ and jt 
is then easy to show that Eq. (1) becomes, with 
neglect of higher order terms 


PXe+QXAFTXm = Gi. (2) 


Nine such equations which cover all the fune. 
tions of e, m and h which to date have been 
determined by experiments are listed in Table | 
of I NC. 

In INC experiments 8 (As=e/h*) and 9 
(Ag=e?/h) (the Stefan-Boltzmann radiation cop- 
stant o and the fine structure constant a) were 
left out of the discussion because they are much 
less reliable and accurate than the rest. One of 
the purposes of this paper, however, is to show 
a chart provided with scales for including also 
these determinations if at some later date it 
should become desirable to do so. Figure 1 of 
I NC is a perspective view of a three-dimensional 
model showing six of the nine planes correspond- 
ing to determinations 1 to 6 inclusive of Table I 
of I NC (determination 1 is represented in Fig. 1 
of I NC by the base plane). In this model the 
planes have all been made to pass through the 
origin to simplify the figure since the purpose at 
this stage is to discuss merely the orientations of 
the planes. In reality each experimental deter- 
mination yields a different numerical value 4; 


*7R. A. Beth, Phys. Rev. 54, 865 (1938) and C. G. Dar- 
win (reference 8) have each proposed plotting logarithms 
of e, m and h instead of their natural values, the advantage 
in doing so being that then the product functions become 
not approximately but exactly linear functions represented 
by plane surfaces. I have refrained from following this 
more elegant procedure for practical reasons. The percent 
or relative deviations of e, m and h from the arbitrary 
values éomMoho are easily understood at a glance. Scales 
identical to relative deviation could indeed be obtained 
by the use of natural logarithms but the great convenience 
of denary logarithms would then be sacrificed. In practice 
the relative deviations (e—é9)/eo are very easy to trans 
form into the numerical values e and vice versa. This cat 
be done very —ey with ample accuracy on a slide rule, 
for (e—eo)/éo, of the order 0.5 percent or less, need itsell 
only be known to 0.5 percent accuracy to give an accuracy 
of 1/40,000 in e. 








and 
but 


the 
orig 
on 

plot 


peri 


whic 
cons 
and | 


fix tl 
mina 





)/hy 
usly 


, to 
lane 
rest 
yunt 
rical 
ular 


d it 
with 


unc- 
been 
le | 


d 9 
con- 
were 
nuch 
1e of 
show 
also 
te it 


ional 
ond- 
ble | 
‘ig. 1 
| the 
1 the 
se at 
ms of 
leter- 
ue aj 


rithms 


Auacteeiteaenss 


CHART FOR THE NATURAL CONSTANTS 


h/m 


% *.| 
5 \ ; 


> 
se 


el* 











e’/mh 7 ane > e/mh 





- e 
c “ee 
el & 3 oy 
he 


h/m 4 Tee 


Fic. 1. Graphical representations of cozonal groups. Imagine a three-dimensional 
rectangular Cartesian coordinate system in which relative deviations of e, m and h from 
nearly correct conventional values are plotted to the same scale on the three axes. 
There are eleven variously orientated planes in this three-dimensional space, nine of 
which represent the nine Bree amen of ¢, m and h which have been determined experi- 
mentally, including e itself. The other two planes (which do not correspond to experi- 
mental determinations) are those of m and h themselves. For our purpose here only the 
orientations of the planes concern us, hence they are plotted through a common origin 
point. This diagram is a cross section taken at some arbitrary origin distance through 
this complex of planes by an “‘isometric” cutting plane (one making equal angles with 
the axes of ¢, m and h). Every line on this diagram is the trace of some plane which cuts 
the isometric plane and the intersection points are the points at which axes common to 
two or more planes cut the isometric plane. All possible intersection points are shown 
and this diagram gives, therefore, an exhaustive enumeration of all possible cozonal 
groups of planes. This diagram is obviously not a consistency diagram. 
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and its plane must pass not through the origin 
but at a distance proportional to a; therefrom. 
A scale of a;, the percent or relative deviation of 
the particular experimental result, A;, from the 
origin value, A jo, may be thought of as provided 
on the three-dimensional model to facilitate 
plotting planes representing the individual ex- 
perimental results. 

In the three-dimensional model all planes 
which pass through a common point represent 
consistent determinations of functions of e, m 
and h and the coordinates of this common point 
fix the values (e, m,h) upon which these deter- 
minations agree. 


CozonaL Groups ENUMERATED 


A striking fact, brought out for the first time 
in I NC, is that five out of the seven most im- 





















portant and accurate types of determinations 
have planes which are all parallel to a common line 
(the space diagonal making equal angles with the 
-axes X,, X, and x») and which are all, therefore, 
seen on edge in an isometric projection (projec- 
tion on a plane normal to the line just referred to, 
the plane of the hexagon in the prespective view 
of Fig. 1 of I NC). Any group of planes parallel 
to a common line we shall call a cozonal group. 
Planes corresponding to experiments 7, 8 and 9 
have not been shown in Fig. 1 of I NC, to avoid 
complication. In the present article, Fig. 1, we 
wish however, in order to effect an exhaustive 
enumeration of cozonal groups, to show the 
traces of all nine planes‘ where these would inter- 


‘Here also since we are only interested at this point 
of the discussion in the orientations of the planes they are 
all plotted as though they passed through the origin of the 
three-dimensional coordinate system. 
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sect the plane of the hexagon of Fig. 1 of I NC. In 
the same diagram we also show (with dotted lines 
because they do not stand for experimental 
determinations) the traces of the planes x,=0 
and x»=0 where they intersect the plane of the 
_ hexagon. We thus obtain a diagram with eleven 
intersecting lines presenting twenty-five points 
of intersection. Each of these points of inter- 
section is the point where an axis common to 
two or more planes in three-space pierces the 
plane of the hexagon. One sees immediately from 
Fig. 1 that most of the axes in three-space (inter- 
section points in Fig. 1) have only two or three 
planes passing through them (lines in Fig. 1). 
There are two exceptional axes, however, indicated 
by points marked A and B, respectively. Five 
planes pass through each of these. In the case of 
axis A these five planes correspond to experi- 
ments 2 to 6, inclusive, all of which are capable 
of excellent precision and many of which have 
already received extensive and careful attention 
from many experimenters. In the case of axis B, 
one of the five planes (4) does not represent an 
experiment at all and two others are very inac- 
curate experiments corresponding, respectively, 
to the determination of the Stefan-Boltzmann 
radiation constant, o, and to the fine structure® 
constant, a. Thus for practical purposes axis B 
has only two interesting planes passing through 
it, the plane of h/e and the plane of e. It is evident 
that Fig. 1 enumerates exhaustively all possible 
cozonal groups of planes and these are seen to be 
twenty-five in number, most of which, however, 
consist of more or less trivial groups of two or 
three members each. The group A is outstatnding 
in that it has five interesting members. While the 
cross section Fig. 1 is of no use as a chart for 
indicating the consistency of the determinations, 
the classification of the equations into cozonal 
groups is of great value in indicating the exact 
properties of the system of equations with which 
we must deal. For example, this chart tells us at 
a glance that a combination of the measurements 
of R, e?/mh and h/(em)' can be solved simul- 
taneously for e, m and h, while a combination of 


5 This statement is somewhat less true of experiments 
4(a) and (6) than of the rest but these experiments are 
capable of improvement with further work. 

6 There is some hope through recent theoretical work 
of J. R. Oppenheimer and his students that the accurac 
of the experimental determination of a may be improved. 


the measurements of R, a, and h/m cannot be 
used to obtain these constants. The determinant 
formed of the exponents of e, m and h vanishes 
for the second case but not for the first. The lines 
on the diagram corresponding to the first three 
functions named have no common intersection 
point, therefore the planes they stand for are not 
cozonal and hence they determine a point jn 
space whose coordinates are e, m and h. The lines 
standing for the last three functions named are 
seen to be cozonal since they pass through a 
common intersection point on the diagram and 
hence they cannot determine a point in space, 
but on the contrary they determine only a line. 
In particular the system of five equations repre. 
sented by the five lines e/m, h/e, h/m, e/mh, 
h/(em)', which pass through the common point 
A, is insufficient to determine the constants é, 
m and h. Only ratios between these constants 
can be determined by this system. Obviously the 
properties of any set of equations expressed by 
the cozonal groups into which they fall are 
absolute properties of the system independent of 
any choice of geometrical representation. 


METHOD OF PROJECTING THE THREE- 
DIMENSIONAL SITUATION ON A PLANE 
To ExHIBIT CONSISTENCY 


Each axis represented by the points of Fig. 1 
may be considered as a candidate for the direc- 
tion along which to project the three-dimensional 
plot for two-dimensional representation. For 
reasons which will soon be clear, I choose the 
axis A of Fig. 1 for this purpose. Whichever axis 
is so chosen it is evident that the planes which 
intersect in, or are parallel to, that axis when 
projected on a picture plane normal to that axis 
will be seen on edge and will appear as lines, the 
traces of the plane in question on the picture 
plane. From here on for brevity let us call the 
axis selected for projection simply ‘‘the cozonal 
axis.”” Now the planes not parallel to this axis 
(which for brevity we shall call simply the non- 
cozonal planes) must be treated differently since 
they are not seen on edge. It so happens with the 
projection we have just selected that the R, 
plane is a noncozonal plane. The author has 
adopted the procedure of selecting the R. plane 
(partly because of the very superior accuracy of 
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this determination) as a standard plane to serve 
the following very special purpose. Other non- 
cozonal planes are represented on our consistency 
diagram by plotting the projection on the picture 
plane of the line of intersection in space of each 
noncozonal plane with the R. plane. If we assume 
an axis in space fixed as to position by a con- 
sistent set of cozonal planes, obviously the 
question of consistency or inconsistency of 
noncozonal planes with the cozonal set can- 
not arise unless there are two or more non- 
cozonal planes which may or may not intersect 
this axis in the same point. The necessary and 
sufficient condition that any two noncozonal 
planes shall be consistent with any group of two 
or more consistent cozonal planes is that the line 
of intersection of the first two shall pass through 
the line of intersection of the second set. From 
this it follows that, on our consistency chart, the 
necessary and sufficient condition that any two 
noncozonal planes shall be consistent with any 
self-consistent group of cozonal planes is simply 
that the projection of the line of intersection of 
the two noncozonal planes shall pass through the 
intersection of the traces of the consistent cozonal 
group. 

Our chart thus has two kinds of traces on it. 
(I) Projections of lines in three-space on the 
plane of the chart. These lines in three-space are 
the intersections of the R, plane with any other 
noncozonal plane. The postition of such lines on 
the chart depends on two variables, the numerical. 
value of R, and the numerical value of the other 
noncozonal function which is involved. Such 
lines on the chart should therefore be provided 
with double scales showing the displacements 
they suffer for changes in either of the two 
variables while the other is held constant. (II) 
Lines which are simply the projections of cozonal 
planes seen on edge but which may, if we wish, 
also be regarded in the same way as class I, 
namely as the projections of the line of intersec- 
tion in space of each cozonal plane with the R, 
plane. It is because the cozonal planes are seen 
on edge that their traces may be regarded as 
belonging either to class I or II. The position on 
the chart of such traces of cozonal planes does 
not vary, however, with variations in R, and 
hence only single scales need be attached to 
represent the displacement which each such line 
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will suffer when the numerical value associated 
with its determination is changed. It is well 
worth noting that the chart of INC which 
represented all seven of the most interesting 
types of determinations only needed to have one 
of these provided with a double scale because of 
the judicious choice of A as the axis of projection. 

By adhering to one standard noncozonal plane 
(the R, plane) as the common cutting plane for 
the remaining noncozonal planes a necessary and 
sufficient criterion for consistency of a group of 
noncozonal planes among themselves is obtained 
directly on the two-dimensional chart. If the 
projections on the picture plane of the respective 
lines of intersection in space of each member of a 
group of noncozonal planes with the R, plane 
all pass through some cozonal axis (seen pro- 
jected as a point in the diagram) then these lines 
in space must not only intersect that axis but 
must intersect it at the same point in space, namely 
the point where that axis pierces the R,, plane. 

It is to be noted that the R, plane could not 
serve as the standard cutting plane for the above 
described purpose if it were parallel to our chosen 
axis of projection A. 

It may also be added, of course, that only 
practical considerations of simplicity dictate the 
choice of the axis A or indeed of any axis repre- 
sented by any intersection point in Fig. 1 at all, 
as the axis of our projection. In principle, any 
arbitrary direction could have been chosen for 
the axis of projection but then obviously all 
planes might be noncozonal and all of them 
should be supplied with double scales on the 
chart.’ The great simplification obtained by the 
choice of axis A is thus clear. 

C. G. Darwin® plots a diagram similar to the 
author’s in which, however, e, h/e and e/m are 
selected as the three-dimensional rectangular 
coordinates, and logarithms are used rather than 
relative deviations. The axis of projection is 
normal to the e plane and on account of the 
choice of variables this is also the axis cozonal to 
the principal group of five members which we 


7 The chart devised by R. A. Beth (Phys. Rev. 53, 681 
(1938)) is such a projection, the axis of projection being 
normal to the R., plane. No planes are cozonal with this 
axis. Beth's chart, Eeneven was not provided with double 
scales so that the effect of the change in R. could not 
readily be seen. 

$C. G. Darwin, Proc. Phys. Soc. London 52, 202 (1940). 
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Fic. 2. Complete isometric consistency chart for the nine functions of e, m and h determined by experiment. The scales 
for displacement of the lines are expressed in percent deviation from the standard conventional values adopted for the 
construction of the chart, an intersection in the exact center of the chart indicating that the conventional values eymphy 
are the true ones. In the more interesting cases scales reading directly in terms of these quantities are also attached. 
Certain of the scales are ‘‘double scales,’’ that is, the position of the trace depends on two variables one of which is R,. 
Each member of the pair in a double scale shows the displacement that the projected line of intersection of the e and R, 
planes would suffer if the variable of the one scale alone is changed while the other variable is held at its conventional 
value. A change in both variables then calls for the algebraic sum of the displacements indicated on each scale. 

The conventional or ‘“‘origin” values of this chart as well as the experimental values with reference numbers corre- 


sponding to those on the chart are listed in Table I. 


have here called the cozonal group. Darwin’ various plotted functions of e, m and h. The 
claims that a simplification is obtained by this author much prefers to exhibit the situation 
procedure though it would seem that no greater graphically in order fo show separately all the 
number of planes are seen on edge by this _ reliable independent determinations of each func 
method than by the more symmetrical isometric tion. Admittedly, this introduces more lines on 
projection of the author. Thus if scales of vari- the graph but it also conveys much more infor- 
ation were attached to the various lines on mation and permits the reader to use his own 
Darwin's diagram the same number of double judgment more freely. The fact that a point of 
scales would be required as in the isometric chart. intersection is the thing to be selected by the 

Darwin, in plotting his chart, has followed‘the reader rather than a line through a number of 
procedure of Birge, Dunnington and others of points (as in the case of the nomographic dia- 
presenting weighted average values for the grams of Birge and Bond for example) seems to 
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the author a distinct advantage if the reader is 
to be permitted this freedom of choice. 


THE COMPLETE ISOMETRIC CHART AND SOME 
oF Its ADVANTAGES AND UsEs 


Figure 2 shows such a diagram. On it are given 
scales for all nine classes of functions of e, m and 
h so far determined by experiment. The double 
scales are easily recognized. They have been 
drawn with two parallel lines running lengthwise 
along them to attract the eye. Direct reading 
scales for each of the variables and functions 
have been provided as well as the scales of rela- 
tive or percent deviation from the standard or 
origin values. In Table I the origin values are 
given as well as the numerical values for the 
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different determinations. To use such a chart it 
is not even necessary to remember the principle 
of its construction. Each trace is merely to be 
plotted between its two parallel scales at the 
percent deviation (plus or minus) from the origin 
value called for by the experimental value ob- 
tained. (Or it may be plotted directly by means 
of the direct reading scales.) Those traces which 
intersect in the same point represent mutually 
consistent determinations. The values of e, m 
and hk upon which such mutually consistent 
traces agree can be read off immediately on the 
scales of e, m and h either directly or in terms of 
percent deviation from the origin values eomoho. 
This operation is slightly facilitated by drawing 
the origin traces through the zeros of the percent 


TABLE I. Conventional or origin values used in isometric chart. 


¢o= 4.80650 X 10~" e.s.u., mo= 9.11780 X 10-8 gram, ho= 6.63428 X 10? erg sec. and in consequence: 
€o/mo= 1.75850 X 107 e.m.u./gram, ho/eo= 1.38028 X 10-" e.s.u., ho/mo= 7.27621 

eo?/ (homo) = 3.81921 X 10*, ho/(eomo)# = 1.00216 X 10-8, R,, = 2x%e*c*(h/e)-*(e/m) = 109,737 cm 

c= 2.99776 X 10" cm/sec., ao= 7.29870 X 10-3, a9 = 5.67122 X 10- erg cm™ deg. sec. 


Experimental values used in tsometric chart 
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e 4.8016 X107'° 
4.8022 


METHOD 
Ruled grating and crys- 
tal x-ray diffraction 


VALUE 


ail Continuous x-ray spec- 
trum limit 


4.8026 
1.37494 X107-"7 
1.37541 


1.37588 
1.37646 


1.3772 


1.3775 
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1.372 
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Photoelectric effect 


Critical potentials 
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Critical potentials 
Critical potentials 
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scales of e, m and hf with a dot and dash line as 
in Fig. 2 to avoid confusion. For any desired 
point in the diagram about which two or more 
traces are consistent one may quickly read off 
the values of éo, mo and ho by scaling with dividers 
the distance from the point in question to each 
of the three dot-and-dash origin traces. The 
distance so scaled is then transferred with the 
dividers to its appropriate scale and read off 
immediately. 

The relationships between different types of 
determination can be seen at a glance. For 
example note that the directions of the scales of 
e, m and h do not differ greatly on the chart, and 
that the class of determination that comes 
nearest to this same general direction (other than 
the direct determination of e itself) is the class 
h/e. Next to h/e the class h/(em)' (so far studied 
only by von Friesen) comes nearest to having 
this general direction, while e/m possesses this 
property perhaps least of all. This means that if 
we accept the Bohr-Rydberg relationship and 
the numerical value of the Rydberg as part of 
our data to be used simultaneously along with 
other experiments then the best or most crucial 
type to choose for determining e, h and m is one 
which measures h/e. Next to this comes h/(em)! 
while e/m need be known with very little pre- 
cision if it is to be used for this purpose in con- 
junction with either of the two previous experi- 
ments. ; 

The above statement is only a rough way of 
perceiving these relationships of: course. In any 
precise consideration of the degree of dependence 
of e, m and h on the various types of determina- 
tion the size of the scale units (relative variation) 
for each function naturally plays a role as well 
as the slopes of the lines. 

An advantage of the isometric chart here 
described is the relatively good independence of 
the different traces from each other and the 
resulting facility with which one can see the 
effect of a change in any single measurement or 
assumption including the value of R,. The choice 
of the projection is such that even if the func- 
tional form of the Bohr-Rydberg formula were 
modified, only one really significant set of traces 
(Backlin, Bearden and Séderman) would have 
to be reorientated (for at the present the experi- 
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mental values of a and o cannot be regarded as 
having much meaning).° 

The values themselves depicted in Fig. 2 have 
been modified and extended since the charts 
published in I NC as follows: The values of e/m 
from the different sources have been taken from 
a letter dated August, 1939, privately circulated 
by R. T. Birge who recomputed these values 
with the latest auxiliary constants.” The genera] 
aspect of the e/m band remains, however, about 
as before. The x-ray values of e (Backlin, Bearden 
and Séderman) are also modified very slightly 
from Birge’s recomputation with the new 
auxiliary constants. No value of o has been 
plotted since it would fall in a region very far 
off the chart." The h/e values have been recom- 


® The author is indebted to Professor Birge for Pointing 
out to him a misleading statement on page 155 of I NC. 
It is stated that ‘‘the well-known Birge-Bond diagram has 
two disadvantages” . . . ,‘(1) The data are treated in an 
arbitrary asymmetrical way (certain of the determinations 
are mixed with Eq. (7) while others are not) so that it 
becomes difficult to foresee (without replotting) the result 
of certain changes either from theory or experiment; (2) 
Relative variations of the same magnitude appear to very 
different scales on different ordinates.”” In an effort at 
brevity two ideas were rather carelessly confused in one 
sentence here. The arbitrary asymmetry referred to in the 
B-B diagram is really that one singles out one of the three 
variables to plot as ordinate (e.g., ¢) while another one 
(e.g., 4) appears as the slope of a line on the graph and 
the third variable (e.g., m) does not appear at all because 
in all the determinations invo. ing that variable the Bohr- 
Rydberg formula has been used to climinate it. The present 
isometric chart lays no especial emphaczis on any one of the 
three variables e, m or h and they can all be made to appear 
explicitly on scales in a precisely similar way. So much for 
the “arbitrary asymmetry.” The fact that certain of the 
determinations are mixed with the Bohr-Rydberg equation 
while others are not is indeed strictly true on both types 
of chart with the practical difference, however, that many 
more points on the B-B chart (in its present familiar 
form) than lines on the isometric chart are so mixed in the 
present state of what constitutes the interesting determina- 
tions. The quoted sentence from I NC implies that the 
mixture of certain determinations with Eq. (7) -is a con- 
sequence of the arbitrary asymmetrical treatment when 
in fact it is a consequence of the effort to represent three 
variables in two dimensions. The author regrets and 
wishes to retract this incorrect implication. 

1° The principal change is in the value of q, the ratio 
of the size of international and absolute units of current as 
explained by Birge in his August, 1939, letter. This has been 
changed from qg=0.99993 to g=0.99986 (J. Research 
Nat. Bur. Stand. 22, 485 (1939)). This affects the value of 
the faraday, the value of pg (factor to change from inter- 
national to absolute volts) and, of course, consequently 
many other constants. The new value of q ends a dis- 
crepancy of long standing with the Nat. Phys. Lab. 
(England) and is very satisfactory, Birge reports. 

" For a critical review of determinations of o see F. G. 
Dunnington’s excellent article, Rev. Mod. Phys. Il, 72 
(1939). That author obtains an average value 5.775 X 10° 
from six sources, a value which, as can easily be seen from 
the scale of our Fig. 2, falls far off the diagram. 
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puted by the author to take account of these 
same slight changes and to correct a slight error 
on the previous chart all of which, however, makes 
no essential difference in the general aspect of 
the h/e band. To this band has also been added 
information from H. T. Wensel of the National 
Bureau of Standards who has kindly supplied 
the author in a private letter with a most inter- 
esting computation of h/e based on measure- 
ments of the constant cz by optical pyrometric 
methods.” Professor F. Kirchner of Cologne, who 
has adopted the isometric chart to depict the 
consistency situation in his recent survey of the 
atomic constants,’ has been so kind as to point 
out to the author the necessity for two modi- 
fications, one in each of the h/m determinations. 
The value of h/(em)' recomputed by the author 
from von Friesen’s data given in his dissertation 
remains practically as in I NC save for slight 
modifications occasioned by the changed auxili- 
ary constants. The same is true of Robinson’s 
results on e?/(mh). To this function has also been 
added the results of Kretschmar who has reex- 
amined his plates and recomputed his results 
which he kindly supplied in a recent letter to 
the author. It is interesting to note the good 
agreement between these two workers on this 
last mentioned precision experiment. The much 
less accurate work on h/e from the optical photo- 
electric effect’ and from ionization potentials'® 


# Wensel’s computations are essentially those described 
in his paper “International temperature scale and some 
related physical constants,’’ (H. T. Wensel, J. Research 
Nat. Bur. Stand. 22, 386-387 (1939)) save that a knowl- 
edge of cz (see his Table 4) is used to compute h/e by his 
Eq. (14). In his communication to the author Wensel has 
computed a weighted mean c2 with the same numerical 
result as the unweighted mean of his Table 4. The pro- 
cedure here of plotting an average value is admittedly 
inconsistent with the author's policy of showing inde- 
pendent determinations. It is necessitated in this case by 
the already large number of lines in the h/e band. 

“F. Kirchner, Die Atomaren Konstanten, Ergebnisse der 
go Naturwissenschaften (Julius Springer, 1939), 
vol. 18. 

“R.A, Millikan, Electrons (+ and —), Protons, Photons, 
Neutrons and Cosmic Rays (University of Chicago Press, 
1935), p. 242, also Phys. Rev. 7, 362 (1916); P. Lukirsky 
and S. Prilezaev, Zeits. f. Physik 49, 248 (1928); A. R. 
Olpin, Phys. Rev. 36, 284 (1930). From Fig. 34 it is certain 
that Millikan used the conversion factor 300 instead of 
299.776 to obtain the voltage in e.s.u. and it is highly likely 
that the same was true of the other two authors, hence I 
have taken the liberty of correcting all three of the above 
results for this. Each of these authors gives a value of h 
rather than h/e and from the dates of each work I have 
therefore, in recomputing back to find h/e, used, respec- 
tively, e=4.774, 4.774 and 4.770. 
®E. O. Lawrence, Phys. Rev. 28, 947 (1926). L. C. 
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is merely added to the continuous x-ray limit 
work to show how it supports the general trend 
of the h/e results to be lower than one expects for 
consistency with the remainder of the diagram. 
Wensel’s computed result which should have 
very considerable reliability and which is ob- 
tained by a method quite radically different from 
the short wave-length limit of the continuous 
x-ray spectrum also supports the latter work in 
giving h/e too low. The discrepancy thus remains 
as baffling as ever. The conclusions in I NC re- 
main unchanged. 


PRACTICAL METHODS OF CONSTRUCTION 


The actual construction of the isometric chart 
is very simple.'* From the symmetry of the space 
diagram (Fig. 1, I NC) the scales of percent 
variation of e/m, h/e and h/m forming the sides 
of the hexagon are evidently of identical size. 
The range of +0.5 percent for each side of the 
hexagon seems to work out well in the present 
state of precision. For the mere mechanics of 
drafting alone it is, from this point on, unneces- 
sary to think of the three-dimensional origin. 
The remaining two cozonal scales are laid out as 
follows. We may choose for example e/m and h/e 
(or more conveniently the relative deviations of 
these variables) as two independent variables 
whose specification fixes the position of any point 
on the chart. Now since h/(em)'=(h/e)(e/m)* it 
is evident that an increase of 0.5 percent in h/e 
and a decrease of 1.0 percent in e/m leaves 
h/(em)* unchanged and such a variation therefore 
defines the direction of the trace h/(em)' 
=h»/(eomo)! which passes through the zeros of 
the percent scales for this function. But starting 
from the origin in the center of the chart an 
increase of 0.5 percent in h/e and a decrease of 


van Atta, Phys. Rev. 38, 876 (1931); 39, 1012 (1932). R. 
Whiddington and E. G. Woodroofe, Phil. Mag. 20, 1109 
(1935). Here I have adopted Dunnington’s recomputed 
values Rev. Mod. Phys. 11, 72 (1939). 

% Since the appearance of the work of Beth and of 
DuMond, R. T. Birge has developed, very elaborately, 
tables giving analytic expressions for the relative sizes 
of scale units and angles, etc., etc., which amount, as he 
points out, to precise directions for constructing a variety 
of charts both of the type here described and of the Birge- 
Bond type. These analytic expressions, while interesting, 
give the impression that such charts are rather tedious 
and difficult to construct and that extensive computations 
may be involved. In practice, however, the construction 
of a chart can be done very simply and accurately by 
graphical means as here explained. 
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1.0 percent in e/m corresponds to a displacement 
to the lower right-hand corner of the hexagon. 
Thus the zero axis or trace for the percent scale 
of h/(em)* must pass through the upper left and 
lower right corners of the hexagon and the scale 
of h/(em)! is most conveniently laid out normal 
to this direction. Suppose we wish to have this 
scale cover a range of +0.5 percent. Evidently 
a displacement of the percent deviation of h/e 
from zero to +0.5 percent, with e/m maintained 
at its origin value, will increase h/(em)* just 
+0.5 percent. On the chart the point where the 
percent variations of e/m and h/e have the 
respective values 0 and 0.5 percent fixes the 
distance of the +0.5 percent trace for h/(em)! 
from the zero percent trace for that function. It 
is elementary drafting procedure to construct 
the point in question and project it on the scales 
of h/(em)* which can then be divided and sub- 
divided into the appropriate number of parts. 
The procedure for e?/mh follows exactly the same 
outline. 

Now, however, for the noncozonal scales the 
procedure differs only very slightly from the 
preceding as was very briefly indicated in a 
footnote in I NC (page 158). Each noncozonal 
function F can always be made to satisfy an 
identity of the form 


(h/e)*(e/m)?=(c/2n*)R~F*. 


Upon substituting the Bohr expression for R. 
into this identity it is possible to solve for 1, 7 
and k. An example is F=h 


(h/e)—*(e/m) = (c/2n*) Rh. 


This calls for a double scale on which variations 
of R. with h constant and of h with R, constant 
are to appear. Evidently the zero axis for percent 
variations of R,k~* corresponds to percent vari- 
ations of h/e one-fifth as great and of opposite 
sign as the variations in e/m. Thus the zero axis 
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can be graphically constructed just as explained 
before and the axis of the R.h~ scale is laid oy 
normal to this direction. Here, evidently, we see 
from the exponents in the above equation that 
holding the percent value of e/m at zero 4 
decrease of 0.8 percent in h/e will produce ap 
increase of 4.0 percent in Rx (4 constant) or q 
decrease of 2.0 percent in A (Rz constant), 
Thus the displacement and sense for the ranges 
Re=+4.0 percent, h=+2.0 percent on this 
scale are graphically constructed and the scale 
is divided up accordingly. These procedures 
suffice to construct scales for any type of function 
of e, m and h desired. 

The origin values should of course be computed 
for all the functions with considerably greater 
accuracy than any of the data of experiment. 
These on the present chart differ slightly from 
those in I NC. They have been computed to be 
consistent with R,=109,737 cm. Once the 
origin value is known for any function it is a 
simple matter to construct a direct-reading scale 
for that function from the existing scale of 
relative deviation. A slide rule is amply accurate 
for computing the percent deviations correspond- 
ing to the decimal figures of the direct scale. The 
easiest procedure is to pick out two decimal 
figures each occurring near one of the ends of 
the direct-reading scale to be plotted, compute 
their corresponding percent deviations and plot 
them. Then by ordinary drafting technique 
carefully divide up the intermediate interval into 
the appropriate number of equal parts.” 


17 The author has prepared a master blank chart, to 
large scale, with considerable care, on tracing paper. 
This carries all the scales shown in Fig. 2 of this article 
but has no experimental results traced upon it. At a small 
charge (50¢ each) for the cost of black line contact printing 
and tage this chart will be supplied to anyone desiring 
it. The dimensions are approximately 30X35 inches. The 
contact printing and developing process fortunately intro- 
duces quite negligible distortion. All the prints are care- 
fully checked as regards this point. 
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Radiation interaction energies are calculated for a photon and electron, a photon and scalar or 


vector mesotron, two electrons, and two scalar mesotrons. For a charged particle and photon the 
interaction energy is inversely proportional to the frequency of the photon and does not trans- 
form like the time component of a four-vector. For two charged particles the interaction energy 


is closely related to the Moller matrix element. 








I. INTRODUCTION 


HE procedure in calculating the energy 

eigenvalues of a system consisting of ma- 
terial particles and a radiation field is to solve the 
problem exactly with the matter and radiation 
considered as independent and then treat the 
interaction as a perturbation. But the change in 
energy levels due to the perturbation turns out to 
be infinite so that it is not possible to obtain a 
satisfactory theory of the self-energy of a single 
particle by this method. As is well known, how- 
ever, those results of quantum electrodynamics 
which are concerned with the interaction of two 
or more particles are found to be in good agree- 
ment with experiment. It is therefore of interest 
to see whether the ordinary technique of self- 
energy calculations can be made to give sensible 
results when applied to the interaction energy of 
several particles. To obtain this interaction 
energy it is necessary to calculate the energy 
when all the particles are present together and 
subtract from this the energy of each of the 
particles when it is present by itself. All these 
energies are infinite, but if the subtractions are 
made in the most natural manner the answers are 
definite. Actually, in a theory in which pair 
production is possible a subtraction of this kind is 
necessary even to obtain the self-energy of a 
single particle since the perturbed energy is 
infinite even for a vacuum. 

In this paper interaction energies are calcu- 
lated for a photon interacting with an electron, 
scalar mesotron, or vector mesotron; two elec- 
trons, and two scalar mesotrons. In all cases the 
results are finite in the order e? and may be given 
simple physical interpretations. The interaction 
energy of a photon and electron or mesotron is 
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inversely proportional to the frequency of the 
photon, and does not transform like the time 
component of a four-vector. The reason for the 
latter is that it is not possible to define an energy- 
momentum four-vector for a system consisting of 
charged particles and a radiation field without 
taking adequate account of the forces holding the 
charges together. The divergent self-energy 
results show that this is not done adequately in 
the present quantum theory. 

In finding the energy level perturbations due 
to the interaction between matter and radiation 
field either of two procedures may be used. One 
is to apply the ordinary methods of perturbation 
theory directly... The other, developed by 
Weisskopf, is to express the change in energy 
levels as the average value of certain operators 
over the perturbed state.** The latter method 
gives more insight into the physical significance 
of the various terms. In this paper both pro- 
cedures will be described. 


II. INTERACTION OF A PHOTON AND ELECTRON 


The Hamiltonian of the system consisting of 
electrons and radiation field may be written 


1 1 
K=—- f@e+imar—— f e-aiv Edr 


T Tv 


i-A 
+f (se-— arc fvrCeptamewdr, (1) 
Cc 


where the third integral constitutes the inter- 
action since it contains variables of both matter 


‘I. Waller, Zeits. f. Physik 62, 673 (1930). 

?V. Weisskopf, Zeits. f. Physik 89, 27 (1934); 90, 817 
(1934). 

3 V. Weisskopf, Phys. Rev. 56, 72 (1939). 
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and field. Here 
p=ey*~—o, 


where e is the algebraic value of the electron 
charge, and a is the charge density of electrons in 
negative energy states. Using second quantization 
we write 


i/c=ep*ay, (2) 


¥=) Qa¢y 
¢q= (uq/ V4) exp [1(p,-8)/h], 


where u, is a normalized spinor. The a,’s are the 
Fermi-Dirac operators satisfying the relations 


gh g'* +0 q'*Ag= 544", 
Agha +4y'4,=9, 
aq*ay*+a.-*',=0. 


By eliminating the longitudinal field components 
the Hamiltonian may be put in the form 


KR=H,+H,,+H', 


i-A, 
H'= Wa- f ——dr, 
c 


1 p(T 1) p(f2) 
W.,, =>— f —dr,dfzo, 
2 lr:—fe| 


Hy=c { ¥*(e-p-+8mc)ede=¥ N,Eq 





H,=>, M,hy,. 


A, is the transverse part of the vector potential 
and is given by 


A<r ch} {4 7 aed 
= e; — s @X ee 
~ i eae , h 





k, is the momentum of the photon s which is 
polarized in the direction e, and has frequency 
v,=ck,/h. The A,’s are the Einstein-Bose opera- 
tors of the radiation field and are defined as 
follows: 


(M,|A,!M.+1) =(Moy1!A*|_M,)=(M.+1)! (3) 


and all other elements are zero. We have taken a 


gauge in which the scalar potential of the 
radiation field vanishes. 

If (---M,-+-; -+-Ng---) is the probability 
amplitude for the state in which M, photons are 
present in state s, and JN, electrons are present jn 
state g, we have 


tha®/dt = (H,+H,+H')®. 


We try to obtain solutions of this equation in the 


form 
b=e'VUh(ho+rb,+---), 


where \ is proportional to the electron charge, 


and 


M, N, 
Po(- e -M,- ee ee ‘Na: ° ‘)= — -6M,"° . *Onyres 
so that 
(Hn+H,)Po= Woo 
Then 
sat. (j|H’\o).* 
W= W,+(0|H’ | 0) +2, ————-_ (4 
ji W.-W; 


where o and j are abbreviations for complete sets 
of quantum numbers. The only part of H7’ which 
has diagonal elements is W,, and this does not 
contribute to the interaction of a photon and 
electron. Therefore to compare the energy of two 
states we simply compare terms in the sum over 
j. We then have for the interaction energy of a 
photon and electron 


AW= ( Wyac+el+phot ani Wace) —( Wractet oat W vas) 
= ( Wrvae+ phot ~ Wrae). 


The calculations are slightly different depending 
on whether or not the negative energy electron 
states are assumed occupied. If we assume them 
empty we have 


AW=(A)+(B)+(C)+(D), 


where (A), (B), (C), and (D) are the terms ap- 
pearing in the sum over j for the following virtual 
transitions: 


(A): Absorption of the photon; the electron 
goes to a positive energy state. 

(B): Stimulated emission of a second photon 
similar to the one already present; the electron 
goes to a positive energy state. 

(C) and (D): Same as (A) and (B) with the 
electron going to a negative energy state. For the 
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negative energy states assumed filled we have 
AW=(A)+(B)—(C’)—(D’), 


where (A) and (B) are the same as before, and 
(C’) and (D’) are described as follows: 

(C’): In calculating Wyac+ei+pnot the transition 
in which a vacuum electron absorbs the photon 
and goes to the state occupied by the positive 
energy electron does not appear because of the 
exclusion principle. 

(D’): Similarly a vacuum electron cannot make 
a transition to the state occupied by the positive 
energy electron with stimulated emission of the 
photon. 

Writing out the matrix elements and energy 
denominators explicitly and remembering that in 
all cases the spins of either the initial or final 
states of the virtual transitions are arbitrary we 
find, whether the negative energy states are 


occupied or not, 
2re*ch* 4 {u.*(po— 
= | Ex(po) —Ex(po— 
| {uc* (ok) cest416(Bo) | | * 


E,,(Po) —E:(pot+k) +ck 


k)a.ui,(po) | | 
k) —ck 








Here a, is the component of @ parallel to the 
polarization of the photon k and 


Ey 2(p) = + (c2p*-+-mict), 


Ex, 4(p) = — (c*p*?+m?*c*) i, 


To evaluate the above expression it is neces- 
sary to consider the sums over /=1, 2 and/=3, 4 
separately because the energy denominators are 
different in the two cases. These summations may 
be performed by means of selection operators in 
the usual way. It is then seen that the expression 
is independent of the spin state of the electron so 
that it is permissible to average over any two 
independent states by further selection operators. 
Straightforward computations give 


.d 
Sm ed a 


where A, is the vector potential due to the 
photon. If more than one photon is present the 
interaction energy is just the sum of the inter- 


2ne*ch? 
~ VRE(po) RE(») 
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action energies between the electron and each 
photon. This follows because from (3) the squares 
of the matrix elements depend on the number of 
photons present in the state. (The photons 
interact with each other only in higher orders 
than we are considering here.) Therefore if there 
are M photons of frequency » per unit volume, 


1 ec? G, 


“ y* E(po). 


M V2me*ch* 
VRE(po) 


AW= 


where G, is the radiation energy density. 

To obtain this result by the alternative 
method of Weisskopf we proceed in the following 
way. It has been shown that the change in energy 
eigenvalues due to the perturbing Hamiltonian 
may be obtained by dividing those terms in the 
perturbation which are explicitly proportional to 
e by two, leaving the terms explicitly propor- 
tional to e? unchanged, and then averaging the 
result over the perturbed state.‘ Therefore 


w- 


As before W,, does not contribute for a photon 
and electron. It suffices to replace A; by A,, the 
vector potential of the photon, and i by i’, the 
perturbed current, since the scalar product of 
the unperturbed current and A, averages to zero. 


Therefore 
aw=-¢ 


We do not include the perturbed current due to 
the vacuum electrons in i’. The perturbed current 
may be calculated by considering the radiation 
field as an externally applied time dependent 
perturbation. Weisskopf has shown that for a 
stationary electron 


i’-A, | 
—dr) , (6) 
2c Ay 


i’ = —ce*A,/mc?V. (7) 


This is true in either one electron theory or 
hole theory. To obtain the value of i’-A for-an 
electron with arbitrary velocity we make a 
Lorentz transformation. To carry this through 
we make use of some simple relations. First it 
may be shown that for a plane light wave 


* Reference 3, p. 80. 
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G,/v* is an invariant. It then follows that if we 
always use a gauge in which the scalar potential 
is zero, A* is an invariant. From this result, 
together with (7) we can prove that i’-A is also 
an invariant. Therefore we have 
: ; ce® Ao? ce? A? 
i’-A=i)’-Ap= ———E— 
Vo mc? 





, 
Vomc 2 


where the subscript zero indicates the rest system 
of the electron. But V= Vo(1—*)! where V and 
Vo are the volumes ascribed to the electron in 
the two systems by the quantization procedure, 
and B=v/c. Therefore 
—ce*A,’ ce’A,* 
———(1- 9) t= —-— . 
Vmc? VE(po) 
This expression may also be obtained by carrying 
through the original calculations for general 
velocity of the electron. Inserting (8) into (6) 
we obtain (5) again. Since G,/v* is an invariant, 
AW transforms as 1/E(po) and is not the time 
component of a four-vector. 





i’-A,= (8)° 


III. MESOTRON AND PHOTON 


The calculations for mesotrons are essentially 
the same as for the Dirac electron. But here the 
interaction Hamiltonians have terms propor- 
tional to e®A? which give rise to diagonal elements 
that contribute to the expression (4).* The off- 
diagonal elements of the part of the interaction 
proportional to eA again give contributions pro- 
portional to e?A? through the last term in (4). 
The virtual transitions occurring are of the same 
sort as before with transitions involving pair 
production replacing those described as involving 

5 This result is not quite the same as for a classical 
point charge under the influence of a radiation field. There 


if the point charge is moving parallel to the electric field 
we obtain, because of the longitudinal mass, 


i’- A, = —e®A,*(1 — 8?) !/me. 


But if in the rest system there are No charges per unit 
volume we obtain for the perturbed current per unit 


volume 
i’-A, = —e*NA?(1 — 8")! /mce. 


which is analogous to (8). Here N is the number of charges 
per unit volume in the system in which the charges are 
moving, and N= N,/(1— *)'. The difference between the 
two results is caused by fluctuations in N due to the 
small oscillations of the charges. This causes the term Nev 
in the current density to fluctuate (v is the unperturbed 
velocity). 

*W. Pauli and V. Weisskopf, Helv. Phys. Acta 7, 709; 
H. Yukawa, Proc. Phys. Math. Soc. Japan 20, 319 (1938); 
N. Kemmer, Proc. Roy. Soc. Al66, 127 (1938). 


negative energy states. Calculations show that 
the contributions of the various transitions to 
the interaction energy always just cancel for q 
scalar mesotron so that only the diagonaj 
elements remain. For a moving vector mesotron 
this is in general not so. If we use Weisskopf’s 
alternative method we find that (6) again holds, 47 
This is because the interaction Hamiltonian fo, 
a scalar or vector mesotron is of the form 


i,;A i,-A 
- f ( +—— }dr, 

c 2c 
where i; is the part of the current explicitly 
independent of A and proportional to e while 
ie is explicitly proportional to eA. To calculate 
i’-A we may again apply a relativity transforma. 
tion to (7) which holds also for mesotrons.’.7 By 
(6) and (8) we see that the interaction energy js 
again given by (5). It is easy to check the 
expression (5) by direct calculation for a scalar 
mesotron with arbitrary velocity, and for a 
few of the simpler cases for a vector mesotron, 
For a scalar mesotron the calculations were also 
carried through with the unquantized Gordon. 
Klein equation. Equation (5) was again obtained, 





IV. Two CHARGED PARTICLES 


To calculate the interaction energy of two 
electrons it is convenient to start with the 
Hamiltonian in the form (1). Then, using Weiss. 
kopf’s method, we have 


rdf oe") 


We may take 


i(r’, t—|r—r’| /c) 
A(r, n= f dr’, 


c|r—r’! 





p(r’, t—|r—r’| /c) 
dr’, 





g(r, f)= 
|r—r’| 


where i(r, ¢) and g(r, ¢) are given by (2). These 
expressions may be evaluated and we find 


AW= (Wise- Wrvac) — (W, e- Wyac) apr (W2- W vnc) 


p(f1) p(t2) i(r,) -i(re) 
= f —————dr,dre— — rdf: 
lf,—fe| c?|r,—fe| 
dre*hic7t | {uo,*ug,} |2?— {ue,*ane,} {ue,*ame,| 





v i c*(pi— ps)? — (Ei — Ex)? 
7 R. Richtmyer, Phys. Rev. 57, 413 (1940). 
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where p(r:) and i(r,) are the average charge and 
current densities of the two electrons. The first 
two terms correspond to the interaction of two 
uniform charge and current distributions over 
the volume V. The other term comprises the 
correction to this due to the antisymmetrical 
character of the wave functions, and the spin 
motion of the electrons. It has. the form of the 
Mdller matrix element of a transition in which 
the electrons just change places.* Of course such 
a transition has no physical significance. For- 
mally it is forbidden by the exclusion principle 
and so appears in the interaction energy with a 
minus sign. If we eliminate the longitudinal field 
components and use ordinary perturbation 
theory we obtain the same expression for AW 
with the exception of the second term. This 
does not appear since in the expansion of the 
radiation field which is used there is no photon 
of zero wave-length to enable the constant 
current distributions to interact. 

For two scalar mesotrons the situation is the 
same except insofar as it is modified by the 
Einstein-Bose statistics of the particles. In calcu- 
lating A(r) and ¢(r) care must be taken to give 
the operators appearing in the Fourier expansion 
of the wave functions their correct time de- 


$C. Moller, Zeits. f. Physik 70, 790 (1931). 


ENERGIES 


pendence. We find 


p(T 1) p(T2) 
w-[ —drdr, 


iT1—Te| 
mF ocean 
c*|r1—fe! 


re*h°c*[ (Epi) +E(p2))?—c2(pi tps)? 
~ VE(b1)E(p2)[e*(P: —ps)*— (E(p:) — E(ps))*] 
for like particles, and 
i we*h*c*[ (E(p1) — E(p2))*—c*(pi—psz)? ] 
~ VE(p,)E(p2)Ce2(pi—ps)?— (E(p1) —E(p:))*] 


rdf + M, 


where® 








for unlike particles. p; is the momentum of the 
particle. 

The author wishes to thank Professor W. H. 
Furry for suggesting this problem, and for many 
helpful discussions and suggestions during the 
course of its investigation. 


*The expression M is analogous to the Mgller matrix 
element for two scalar mesotrons. It has the same trans- 
formation properties as the formula obtained for the Dirac 
electron. (For the Dirac electron 


| {u*q, ua, } \2?— {u*q,@ug, } | u*q,@ug, } 


is not an invariant since the uq’s must be taken as normal- 
ized in each system and so do not transform in the 
usual way.) 
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Internal Friction of Aluminum* 


R. H. RANDALL AND CLARENCE ZENER{ 
College of the City of New York, New York, New York 
(Received July 15, 1940) 


It has previously been pointed out that the nearly elastic isotropy of aluminum necessitates 
a very small internal friction. By making measurements over a range of grain size and of 
frequency, it is established that the internal friction of aluminum is less than a tenth of that 


of a-brass under corresponding conditions. 


N a polycrystalline metal a macroscopically 

uniform stress is rendered microscopically in- 
homogeneous by the elastic anisotropy of the 
individual crystallites. The thermal currents 
generated by these stress inhomogeneities in a 
vibrating specimen are, under appropriate condi- 
tions, the dominant source of internal friction.'~* 
One thus expects a correlation between the in- 
ternal friction of a polycrystalline metal and the 
elastic anisotropy of the individual crystallites. 

The only cubic metal thus far investigated is 
70-30 a-brass, whose elastic anisotropy factor 


(ee) 

Eiut Eno 

is 0.3. Of the common metals aluminum has the 
lowest elastic anisotropy factor, namely 0.008. 
One thus expects that under corresponding con- 
ditions the internal friction of aluminum will 
have an order of magnitude less than that of 
brass. The present experiment was undertaken to 
test this expected correlation between elastic 
anisotropy and internal friction. 

Specimens (}X3 X12 inches*) of aluminum 
with 2 percent magnesium in solid solution were 
prepared by the Aluminum Company of America 
through the courtesy of Dr. William L. Fink. 


The magnesium was added to minimize the 
effect of creep. The method of preparation has 


*This research was supported by a grant from the 
Penrose Fund of the American Philosophical Society, and 
by a grant from the Rumford Fund of the American 
Academy of Arts and Sciences. 

t Now at The State College of Washington, Pullman, 
Washington. 

1C, Zener, Phys. Rev. 53, 90 (1938). 

? R. H. Randall, F. C. Rose and C. Zener, Phys. Rev. 56, 
343 (1939). 

*C. Zener and R. H. Randall, Metals Technology 7, 
Jan. (1940). 

*C. Zener, Proc. Phys. Soc. 52, 152 (1940). 


been described elsewhere.® The grain size was 
determined by counting the number of grains 
along a line 1 mm in length in a number of areas, 
and the average taken for each of the principal 
directions. These data, furnished by Dr. Fink, 
are given in Table I. An arbitrary measure of 
grain size is the reciprocal of the geometrical 
mean of the number of grains per mm along the 
three principal directions. This grain size is given 
in the last column of Table I. 

The internal friction was measured with longi- 
tudinal vibrations, by a method previously de- 
scribed.* Our observations, given in Fig. 1, may 
best be interpreted in terms of the dimensionless 
adiabaticity parameter 


frequency X (grain size)* 
thermal diffusion constant 





The value of this parameter in the middle of the 
frequency range used is given in Fig. 1 for each 
specimen. The internal friction has a maximum 
when this parameter lies between 2 and 3, and 
decreases steadily as this parameter increases, 
either due to an increase in frequency or to an 
increase in grain size. Since the internal friction 
due to intercrystalline thermal currents has a 
maximum when this parameter has the order of 
magnitude of unity, and decreases steadily as 


TABLE I. Grain size of specimens. 











REDUCTION GRAINS/MM GRAIN SIZE 
% LonG Cross THICK (IN MM) 
5 3 1.5 3 0.4 
10 5 4 4 0.22 
30 9 9 10 0.11 
75 12 10 13 0.09 














5 L. W. Eastwood, R. W. James and R. F. Bell, Trans. 
Am. Inst. Mining and Metallurgical Eng. 133, 124 (1939). 
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Fic. 1. Internal friction of aluminum (2 perce nt mag- 
Bet ‘0, +, A, 0 refer to specimens of grain size 
0.09, 0.11, 0.22, 0.4 mm, respectively. The numbers be- 
on | each measurement at 25.2 kilocycles/sec. refer to 
the adiabaticity parameter at that frequency. 


this parameter increases to large values,' we 


conclude that the dominant part of the internal 
friction here measured is due to this cause. Our 
observed maximum of 0.67X10-5 is an upper 
limit to the maximum internal friction which 
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intercrystalline thermal currents can cause in 
aluminum. This is an order of magnitude less 
than the maximum of 9X 10-5 in 70-30 a-brass.? 

The maximum of the internal friction of brass 
occurred at a value of the adiabaticity parameter 
of about 5, while here we find a maximum in 
aluminum where this parameter lies between 2 
and 3. This discrepancy is removed when we 
consider that the grain size was determined by 
different methods in the two cases, in the former 
by counting the number of grains in a unit area, 
in the latter by counting the number of grains 
crossed by a line of unit length. An approximate 
calculation shows that the grain size defined by 
the intercept method is smaller by the factor of 
4/n'=0.72 than that obtained by the area 
method. This factor is just sufficient to remove 
the apparent discrepancy. 

The maximum internal friction here obtained 
is considerably less than the lowest values here- 
tofore found for aluminum, 1.110-° by Wegel 
and Walther,® 1.5X10-5 by Férster and Késter.’ 


*R. * Wegel and H. Walther, Physics 6, 141 (1935). 
7F. Foérster and W. Koster, Zeits. f. Metallkunde 29, 
116 (1937). 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may be secured by 
addressing them to this department. Closing dates for this department are, for the first issue of the 
month, the eighteenth of the preceding month, for the second issue, the third of the month. Because of 
the late closing dates for the section no proof can be shown to authors. The Board of Editors does 
not hold itself responsible for the opinions expressed by the correspondents. 


Communications should not in general exceed 600 words in length. 


The Simultaneous Emission of Three Particles from an 
Excited Nucleus 


In an attempt to observe the half-life of the radioactive 
isotope of sulphur of mass 31, which is of the type discussed 
by Wigner,! having one more proton than neutron, sulphur 
was bombarded by very energetic neutrons. When the 
neutrons from lithium, with energies up to 24 Mev, were 
allowed to fall on either pure sulphur or carbon disulphide, 
radioactivities of half-life 12.7 sec. and 2 min. 17 sec. were 
observed. When neutrons from beryllium, with energies 
up to 13 Mev are employed only the shorter period of 
12.7 sec. is found and there is no indication of the longer- 
lived activity. This 12.7-sec. activity was shown by the 
cloud chamber to emit electrons while the 2-min. 17-sec. 
emitter gives only positrons. 

In order to identify the activity chemically a quantity 
of carbon disulphide with free sulphur in solution was 
given short bombardments. The activated atoms were 
extracted by shaking with dilute sulphuric and _ nitric 
acids and then separately precipitated as either a phosphate 
or a sulphate. The strong positron emitter of 2-min. 17-sec. 
half-life was shown to be an activity in phosphorus and 
hence undoubtedly the well-known previously reported* 
activity attributed to phosphorus of mass 30. It could be 
made from the abundant sulphur isotope of mass 32 only 
by an (n, 2nP) reaction or an (n, 3m) reaction followed by 
the emission of a positron. This is thus the first well- 
established case of the simultaneous emission of three 
heavy particles from a nucleus, a process not unexpected 
at the high energy of the incident neutrons. 

The activity of 12.7-sec. half-life being a negative 
emitter cannot be due to sulphur of mass 31 but is un- 
doubtedly attributable to a phosphorus isotope of mass 
greater than 31. The activity due to sulphur 31 as predicted 
must have a half-life exceedingly short since it could not 
be detected with the technique here employed. 

The rapid chemical separations were very kindly made 
by Mr. W. H. Sullivan and Mr. A. F. Voigt of the De- 
partment of Chemistry. This investigation was made 
possible by a grant from the Horace H. Rackham Fund. 

J. M. Cork 
W. MippLeton 

University of Michigan, 

Ann Arbor, Michigan, 

August 11, 1940. 


1E. P. Wigner, Phys. Rev. 56, 519 (1939). 
2]. Curie and F. Joliot, Comptes rendus 198, 254 (1934), ef sub. 


Photon Production of Mesotrons 


The photographs of Fig. 1 show two views of a large 
Wilson cloud chamber containing five horizontal lead 
plates each one cm thick. The photograph to the left jg 
taken at 30° to the left of normal while that on the right 
is taken at 30° to the right of normal. Because both tracks 
penetrate several lead plates without producing shower 
particles they cannot be electrons. Since it is very unlikely 
that a photon would have sufficient energy to produce 
two protors, the conclusion is that the two penetrating 
particles are mesotrons, and that we have evidence of the 
production of a pair of mesotrons by a photon. 





This picture was made in the Mt. Evans laboratory at 
an altitude of 14,170 feet. The dimensions of the chamber 
are 18X12 X5 inches deep, and the chamber was counter- 
controlled though the picture obtained could not have 
been controlled by the counters. A rough estimate indicates 
that heavily ionized tracks were obtained in about one 
picture out of 80. These could be identified as protons or 
mesotrons in many Cases. 

WILson M. Powel. 

Department of Physics, 

Kenyon College, 


Gambier, Ohio, 
August 14, 1940. 
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Nuclear Spin of Cl*’ 


Elliott! in his study of the absorption spectrum of Cl. 
was able to identify the spectra of the two species of 
molecules, Cl*CI** and Cl*Cl, but, due to their low 
intensity, was not able to identify lines belonging to the 
third species, namely CI*Cl*, From the alternating 
intensity racio in the lines due to Cl**Cl** he was able to 
assign the value of 5/2 as the nuclear spin of Cl**, With 
the view in mind of obtaining the alternating intensity 
ratio in the spectrum of Cl*CI* a sufficient amount of 
chlorine gas enriched in the heavy isotope was obtained 
for the purpose. 

The enriched chlorine was obtained by the use of a 
multistage thermal diffusion column similar to that first 
developed by Clusius and Dickel.* The column employs 
hydrogen chloride gas at atmospheric pressure. The column 
consists of four sections each 3 meters long connected 
together by convective coupling to give a total effective 
length of 12 meters. To avail oneself of all the possible 
separation factor of the column in producing “heavy” 
HCl, a stream of fresh HCl is passed through the top of 
the column at a rate of 500 cc an hour. 

After allowing the column to approach equilibrium for 
ten days a withdrawal of approximately 33 cm* of HCl 
daily was begun. Ten days falls short of the time needed 
to reach equilibrium with zero withdrawal but with a 
withdrawal of 33 cm® a day one will be operacing at a 
considerable distance from equilibrium concentrations; 
hence, there is no need to reach equilibrium. 

After 500 cm* of HCI was collected in this way it was 
converted into Cl,. The Cl, was then placed in a specially 
constructed absorption tube designed for the longest 
possible light path with the smallest possible volume. A 
path length of 5 meters at a gas pressure of 41 cm was 
sufficient to obtain the 1-11, 1-12, 1-+13 vibration 
bands of the '=*—+0* system of Cl, in the region 5100- 
5200A. The intensity racio of lines due to Cl*®Cl® and 
Cl*Cl* in the 112 band was 1.76, giving 43 percent Cl” 
in this sample as against 24.2 percent Cl* in normal Cle. 
The complexity of the 111 and 1-+13 bands prevented 
the identification of lines due to Cl*Cl*. The alternating 
intensity ratio of 24 available lines in the 112 band for 
Cl*Cl* was 1.28. 

A determination from normal Cl, of the alternating 
intensity ratio of Cl**Cl** for these three bands gave 1.30 
as against Elliott’s value of 1.34. As Elliott pointed out 
these values must be taken as lower limits of the intensity 
ratio since any overlying lines would lower the observed 
value of any actual intensity ratio. Thus these ratios most 
nearly correspond to a spin of 5/2 for which the ratio is 
1.40. We may conclude that Cl** and Cl* have the same 
nuclear spin and its most probable value is 5/2. 

E. F. SHRADER 

Sloane Physics Laboratory, 

Yale University, 


New Haven, Connecticut, 
August 15, 1940. 


1A. Elliott, Proc. Roy. Soc. 127, 638-657 (1930). 


(1999) Clusius and G. Dickel, Zeits. f. physik. Chemie B44, 397-473 
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Neutron Capture by Uranium (238)* 


In continuation of our work on separated uranium 
isotopes,' it was thought worth while to find out experi- 
mentally which isotope is responsible for the well-known 
24-minute neutron capture product. 

A sample of uranium (238) containing between 5 and 
10 percent of the natural U** content was prepared by 
one of us (A. O. N.) by means of a mass spectrometer. 
From the average value of the current and the time of 
deposit it was estimated that the weight of the sample 
was 19 micrograms. The uranium (238), deposited on a 
thin platinum foil, was placed in a cadmium box and 
irradiated with neutrons in a paraffin wax geometry near 
the Columbia cyclotron. A monitor of UX-free ordinary 
U;0s was irradiated simultaneously in the cadmium box. 
After 1-hour exposure to neutrons, the uranium (238) oxide 
was quantitatively dissolved off the platinum foil with 
nitric acid and redeposited in the form of U;Os upon a 
fresh platinum sheet. This was necessary in order to get 
rid of the induced beta-activity in the original platinum 
foil. 

Ten minutes after the end of the neutron irradiation, 
the second platinum foil was placed around a thin-walled 
Geiger-Miiller counter, and its activity observed. The 
decay curve, corrected for a natural background of 18 
counts per minute, is shown in Fig. 1. The initial activity 
was 56 counts per minute, and the decay half-life about 
24 minutes. After the beta-activity had decayed the alpha- 
particles from the U** were counted by means of a linear 
amplifier and found to be given off at an average rate of 
5.1+0.3 counts per minute. This corresponds to a weight 
of U*8,0; of 17+1 micrograms. This weight was further 
checked by direct differential weighing on a Sartorius 
microbalance, and found to be 15+3 micrograms—all in 
reasonable agreement with the originally estimated 
amounts. Under the assumption that the alpha-value is 
the most reliable, an initial specific beta-activity of 3290 
counts per minute per milligram of U®*,O, follows. 


Te 24 MINUTES 
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Fic. 1. Decay of resonance capture product of uranium (238). 
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In order to compare with unseparated uranium under 
identical geometrical conditions, 40 mg of U;Os were 
deposited on a platinum surface of 3 square centimeters 
area, and were irradiated under the same conditions as in 
the preceding experiment. After irradiation an ether 
separation of fission products was made. From this sample 
8.564 mg of U;Os were deposited on a fresh platinum foil 
and the initial specific beta-activity determined as before. 
This gave a value of 3240 counts per minute per milligram 
of U;Os, in good agreement with the value 3290 obtained 
from the separated isotope. 

Substantially the same results were obtained from 
another sample of 30 micrograms of U***,O,. 

The decay period and the specific activity of the neutron 
induced beta-activity in separated samples of U™* are in 
good agreement with those obtained from the capture in 
ordinary uranium and leave no doubt that the 24-minute 
resonance capture in uranium is due to U*™*. This result 
was previously anticipated on theoretical grounds by 
N. Bohr and others. 


E. T. Boor 
J. R. DUNNING 
A. V. GROSSE 
Columbia University, 
New York, New York, 
A. O. NIER 


University of Minnesota, 
Minneapolis, Minnesota, 
August 13, 1940. 


* Publication assisted by the Ernest Kempton Adams Fund for 
Physical Research of Columbia University. 

1A. O. Nier, E. T. Booth, J. R. Dunning and A. V. Grosse, Phys. 
Rev. 57, 748 (1940). 





Period of Photon Emission in a Counter Discharge 


That the ionization in a Geiger-Mueller counter takes 
place in a very early stage of the discharge and before 
the wire has changed appreciably in potential is an essential 
element in the mechanism proposed by C. G. Montgomery 
and D. D. Montgomery.! The investigation to be described 
here leaves no doubt that photon emission in a counter 
takes place during a short time interval following the 
initiation of the discharge, and that few, if any, photons 
are emitted during the greater part of the time required 
by the wire to reach its maximum negative potential. 














Fic. 1. Arrangement of Geiger-Mueller counters. 
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Fic. 2. Relation between coincidence rate and resolving time 
in experiment A. 


Two counters, 1 and 2, Fig. 1, share a common glass 
envelope. Although the counter wires are carefully shielded 
electrostatically from each other by S, photons emitted 
by one may pass to the other through holes A and B ip 
the counter cylinders. This photon transmission is cop. 
trolled by the plunger P which may be moved to expose 
any desired portion of the transmitting and receiving areas 
A and B. The voltage pulses from these counters are 
applied to a coincidence circuit. The resolving time of this 
circuit may be varied from <10~-? second to 10°? second 
and special care is exercised to prevent this variation from 
influencing in any way the discharge phenomena in the 
counters themselves. These resolving times were deter. 
mined experimentally employing a pulse generator previ- 
ously described.? With P in such a position as to screen 
the openings A and B from each other, no coincidences are 
observed. As A and B are exposed to each other by moving 
P, coincidences appear, and a point is reached where all 
discharges in one counter are accompanied by discharges 
in the other. 

In Fig. 2, representing an experiment to be called A. 
the coincident rate is plotted as a function of resolving 
time for the case where P was so placed that 90 percent 
of the discharges in one counter were accompanied by 
discharges in the other (resolving time 2.0 X 10~ second), 
There is no observable increase in the number of coinci- 
dences between one and twenty microseconds. In another 
experiment (experiment B) where P was in such a position 
that the probability of one counter setting off the other 
in a time of 2.0X10-* second was 0.42, there was an 
increase in the number of coincidences between one and 
twenty microseconds of only (3.1+3.6) percent. 

Measurements by the author? on a counter of the 
diameter and pressure used in these experiments indicate 
that the counter wire experiences one-half of its potential 
change in the interval between one and twenty micro- 
seconds. If the number of photons emitted by a counter 
in a given time interval were proportional to the change 
of potential of the wire during the interval, we should 
expect an increase of the coincidence rate bet ween one and 
twenty microseconds which amounts to 20 percent for the 
case A, and 60 percent (or 20 times that found) for the 
case B. It is safe to assume that any condition, such as 
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has been formerly assumed in counter discharge theory, 
in which measurable changes of wire potential were as- 
sumed to be accompanied by measurable photon emission, 
‘; at variance with the present observations. These 
experiments are, however, in agreement with the discharge 
mechanism formulated by C. G. Montgomery and D. D. 
Montgomery. The lags which actually occur are to be 
expected, and can be accounted for by electron capture in 
the gas. This phenomena has been reported elsewhere.*‘ 
W. E. RAMSEY 
| Research Foundation of the Franklin Institute, 


Swarthmore, Pennsylvania, 
July 24, 1940. 


1C. S. Montgomery and D. D. Montgomery, Phys. Rev. 57, 1030 


190s, Montgomery, W. E. Ramsey, D. B. Cowie and D. D. Mont 
gomery, Phys. Rev. 56, 635 (1939). 

1 W. E. Ramsey, Phys. Rev. 57, 1022 (1940). 

‘J. V. Dunworth, Nature 144, 152 (1939). 





The Secondary Peak in the Rossi Curve for Tin 


The apparatus, already described! comprised primarily 
five separate horizontal counter areas each containing 18 
counters 20 cm long and giving a sensitive area (analyzing 
tray) 20 cm by 20 cm. The areas were arranged in a 
vertical array and tin was inserted between the top tray 
(the first) and the next tray (the second). One-centimeter 
slabs of lead were placed over trays 3, 4 and 5 for sub- 
sidiary reasons. Each counter was connected to an indi- 
vidual electroscope. In addition, above the second tray, 
but below the tin, there was another counter tray (master 
tray), without electroscopes. The arrangements were such 
that the electroscopes were only allowed to operate when 
at least one ray passed through the whole apparatus 
including the master tray which, by a side lead shield, 
guarded against electron showers from the side. The 
electroscopes recorded photographically the shower history 
of every event associated with the passage of a ray through 
the whole apparatus. 

Figure 1, curve A, shows, plotted against thickness of 
tin, the number of doubles recorded by the second analyz- 
ing tray (below the tin) per 1000 events. It will be observed 
that the curve shows two maxima, the second one being 
at 29 cm. 

Each point for curve A corresponds in actuality to 
1000 observations of events except in the case of the 
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Fic. 1. Number of double coincidences recorded by the analyzing tray 
(below the tin) as a function of the thickness of the tin. 
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Fic. 2. Curve A, number of double coincidences; curve a, number 
of quadruple coincidences; curve 6, number of triple coincidences at 
function of the thickness of tin. 


points for 20 cm and 30 cm, which correspond to 2000 
observations each. The standard deviations are indicated 
by the vertical lines. At first sight it is surprising that 
their magnitude permits the degree of regularity exhibited 
by the curve. The statistics of this matter will be discussed 
in greater detail in a more complete publication later to 
be presented. For the present, it will perhaps cement 
confidence in the reality of the minimum at 20 cm in the 
case of curve A by replotting, as in Fig. 1, curve B, the 
results obtained by utilizing, for each point, just half of 
the observations utilized in drawing curve A. The sta- 
tistical errors for curve B are, of course, considerably 
greater, proportionally, than for curve A. However, the 
minimum is still well marked. It may be added that in 
order to avoid systematic changes with time, the curve A 
was not obtained by taking all the observations for the 
individual points in succession. A smaller number of 
observations was taken for the whole set of points and 
repeated backwards and forwards so as to ensure that as 
far as possible the observations for each point extended 
over the same period of operation of the apparatus. 

It was found that, in 75 percent of the cases, at least 
one member of each of the two-ray showers disappeared 
in the lead plate above the third analyzing tray, thus 
guaranteeing that the shower electrons were in the rela- 
tively low energy class. 

Figure 2 indicates, in addition to curve A corresponding 
to Fig. 1, the curve a for quadruple rays, curve } for 
triple rays, and a+b for the sum of triples and quadruples. 
In these cases all the curves have been corrected for 
inefficiency of counter trays, which correction is more 
important in the case of large showers. Of course, the 
statistical errors in the large showers are very large, but 
it is interesting to note that the minimum for doubles is 
approximately compensated as regards total number of 
showers by the triples and quadruples. 

W. F. G. SWANN 
W. E. RAMsEy 


Bartol Research Foundation of the Franklin Institute, 
Swarthmore, Pennsylvania, 
August 2, 1940. 


1W. F. G. Swann, Rev. Mod. Phys. 11, 242 (1939). 
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Hydrodynamics and the Morphology of Nebulae 


Extragalactic nebulae, in the first approximation, may 
be regarded as gravitating continuous ‘‘viscous fluids,”’ 
most of them endowed with total angular momenta 
different from zero.' In every nebula two coexisting partial 
systems must be considered: (1) a stellar system and (2) a 
system formed by interstellar gases and dust particles. 
Hydrodynamically, the two partial systems have radically 
different characteristics inasmuch as the gaseous systems 
are characterized by much larger Reynolds numbers than 
the stellar systems. In most cases the motions of the 
gaseous systems will be turbulent. The Reynolds numbers 
of the stellar systems lie in the approximate range 0<R 
<10,000. The flow of stars in some nebulae therefore is 
‘‘laminar,”’ whereas in others it may be “turbulent.” 
Nebulae in which the two types of flow coexist show 
interesting structural subdivisions. 

Briefly, some of the results of the hydrodynamical 
analysis of nebulae are as follows. In an undisturbed 
nebula of constant tocal angular momentum, the viscous 
shearing stresses tend to make the average angular 
velocity @(r) independent of the distance r from the 
center as long as r is smaller than that critical distance r, 
at which the mean free path A of the particles (o1 stars) 
is so great that the difference in gravitational potential 
(r,+A)—(r,) becomes comparable with (w*)y, where w 
is the velocity of the particles. For r>r, the angular 
momenta of the individual particles, rather than a, tend 
to be constant. In a rotating nebula which has reached a 
stationary state the average velocity distribution #(r) is 
of the type shown in Fig. 1. Calculations based on the 
actions of shearing stresses in a laminar flow show that the 
relaxation time T which is needed to establish the solid 
body rotation is of the order Rr,/®max if the original 
motion deviates from the state @=const. by maximum 
velocity differences 0max. For an originally turbulent flow, 
it is T<Rr,/®max. The interstellar gas system therefore 
reaches the state @=const. long before the stellar system. 

In the transition stages of a stellar system from & #const. 
to @=const. velocity distributions of the type shown in 
Fig. 2 may be expected. Region I was originally turbulent 
with large shearing stresses which make T small. Region 
Ila is characterized by smaller values of R and the smaller 
shearing stresses of the resulting /aminar flow result in 
relatively large values of the time T in which a distribution 

@=const. can be achieved. Region IIb, because of still 
smaller R, is a laminar flow subject to small values of 7. 
Regions | and IIb consequently reach the stationary state 
@=const. earlier than the region Ila. While the transition 
from I to Ila is abrupt, the transitions from Ila to IIb 
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Fic. 1. Velocity distribution in the transition stage of a rotating nebula. 
The constant angular velocity in the region I and IIb. 
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turbulent laminar Smoluchewsiei 


Fic. 2. Velocity distribution in the transition stage of a ro 
nebula. The constant angular velocity in the regions I and IIb 
the character of »(r) in region Ila depend on the original distribution 
of velocities. 


and from IIb to III are more gradual. Region III may be 
called the Smoluchowski region of very long mean free 
paths. The existence of such regions (globular coronae 
around nebulae!) is due to effects analogous to those 
which cause Smoluckowski “temperature jumps” and 
“slip regions”’ in ordinary dilute gases. 

The existence of turbulent motions in stellar systems 
leads to interesting speculations regarding the turbulen 
correlation length L. The properties of the planetary system 
as well as of groups of stars which are dynamically related 
may find their explanation in the analysis of this correlation 
length. 

Nebulae of small mass may possess a Smoluchowski 
structure throughout. These nebulae never can reach a 
Boltzmann stationary state. They are irregular, of low 
surface brightness and hard to detect. Recent systematic 
search has resulted in the discovery of several systems of 
this type. Their incorporation in the statistical survey 
suggests that the frequency distribution of nebulae 
commonly adopted will in the near future be subject to 
some major corrections. 

Hydrodynamic considerations may also be applied to 
clusters of nebulae. The important fact, which is apparently 
irreconcilable with the hypothesis of an expanding uni- 
verse,* that the velocity dispersion of field nebulae is only 
about half that for cluster nebulae, finds its explanation 
through an analysis similar to that sketched in this 
communication. 

F. Zwicky 
California Institute of Technology, 


Pasadena, California, 
July 31, 1940. 


1 F. Zwicky, Astrophys. J. 86, 217 (1937). 
2 F. Zwicky, Proc. Nat. Acad. Sci. 25, 604 (1939); 26, 332 (1940). 





Protons from C!*+ H? 


Bower and Burcham! and also Pollard? have observed a 
group of protons which they attributed to the reaction 
C84H*+C"+H!+Q. Bower and Burcham found a 48-cm 
group of protons when ordinary carbon was bombarded by 
800-kev deuterons. The calculated Q value of this group 
is 5.9 Mev, which is in satisfactory agreement with the 
energy release calculated from the change in mass. We 
have confirmed that the proton group must be attributed 
to the above reaction by using a target of concentrated C¥. 
The target was prepared by one of us (BEW) from methane 
in which the C™ had been concentrated by thermal 
diffusion. 
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We bombarded the target with 1.22-Mev deuterons and 
used a linear amplifier to detect the protons. Long range 

tons were found and an absorption curve (Fig. 1) 
showed that they had a range of 55 cm, as expected. 
The ratio of the intensity of this group to the intensity of 
the group of 15-cm protons from the reaction C"+H? 
_»C+H! was found to be 0.11 percent. A target in which 
C8 was depleted was then bombarded and the ratio was 
only 0.029 percent. This showed that the C™ had been 
concentrated in the first target relative to the second by 
a factor of 3.8, whereas the separation factor had been 
calculated from the dimensions of the thermal diffusion 
apparatus as 3.7. The average of these two ratios (0.07 
percent) is consequently the ratio of the yields from 
ordinary carbon at 1.22 Mev bombarding energy. This 
ratio would vary considerably with different bombarding 
voltages since the yield of protons from C” shows reso- 
nances at 920 and 1220 kev.* 

An excitation curve has also been obtained for this 
reaction and is shown in Fig. 2. The indicated error is the 
probable error increased by a factor of two, since it was 
necessary to make observations in two separate runs, 
which were joined at 1450 kev. The change in range of 
the protons with bombarding energy might be a source of 
systematic error in a curve of this type. To avoid this, 
the bias on the recording circuit was made low enough to 
count all the protons passing through the ionization 
chamber, and as an additional precaution absorbers were 
added as the bombarding voltage was increased to insure 
that the protons were always counted at the same distance 
from the end of their range. 

The yield curve shows a maximum at about 1500 kev. 
This may be interpreted as a resonance in the yield, 
which would indicate an excited state in the intermediate 
nucleus (N') at 17.55 Mev. This is a surprisingly high 
energy at which to find isolated excited states, even in so 
light a nucleus. However, the experimental distribution 
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Fic. 1. Range-number curve for protons from C"%+H2? at a bom- 
barding energy of 1.22 Mev. The protons were observed with a linear 
amplifier biased so as to count particles near the end of their range. 
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Fic. 2. Excitation curve for protons from the reaction C"%+H? 
—C+H!. The maximum in the yield at 1500 kev indicates an excited 
state in N'5 at 17.55 Mev. 


might result from a resonance or a group of overlapping 
resonances of higher intensity than the neighboring 
overlapping levels which may appear as a continuum. 
W. E. BENNETT 
T. W. BoNNER 
EMMETT HupsPETH 
Bos E. Watt 


The Rice Institute, 
Houston, Texas, 
August 13, 1940. 


1 J. C. Bower and W. E. Burcham, Proc. Roy. Soc. A173, 379 (1939). 

? E. Pollard, Phys. Rev. 56, 1168 (1939). 

3M. M. Rogers, W. E. Bennett, T. W. Bonner and Emmett Huds- 
peth, Phys. Rev. 58, 186 (1940). 





Law of Magnus in Single-Crystal Aluminum Wires 


By the traveling temperature gradient method of 
Andrade,' good single crystals up to 60 cm length have 
been produced in 1 mm diameter wires of pure aluminum. 
The wires were heated internally by a 15-ampere current, 
the traveling furnace was at 550°C, and moved at about. 
5 cm per hour along a 1-cm quartz tube evacuated to 
0.01 mm Hg, containing the wire supported vertically. 

While still unstrained the crystal wires were examined 
under asymmetrical temperature distributions (140°C 
peak) for the Benedicks e.m.f. Wires subsequently found 
by a study of their glide planes to have been uniformly 
crystallized, gave e.m.f.’s less than 0.02 microvolt, inde- 
pendent of position of the temperature distribution; wires 
found imperfectly crystallized gave e.m.f.’s greater than 
2 microvolts, dependent upon position. Intermediate 
conditions were not found. 

One specimen was deliberately made non-uniform at a 
selected place, P, by interrupting the motion of the 
furnace for several minutes when over P. Electromotive 
forces were produced in this crystal by a small sym- 
metrical heater (110°C) placed at different places near P. 
On the side from which the traveling furnace had ap- 
proached, there was a sharp peak of —10 microvolts close 
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to P, on the other side a less sudden maximum +6 micro- 
volts; e.m.f.’s reduced to zero for positions not near P. 
The overheated portion P behaved as a thermoelectrically 
different substance, and was found upon examination to 
be a hard polycrystalline section in an otherwise uniformly 
aligned single-crystal wire. 

Since aluminum crystals are cubic, changes in orientation 
cannot cause contact e.m.f.’s, and since the wires were 
freed from internal strains by the heating processes, the 
usual causes of heterogeneity were absent. 

Benedicks’ e.m.f. ir. ordinary wires* is apparently due 
to electrical disturbances produced by positive emission 
of impurity nuclei from the wire. In the present work, the 
slow annealing should have baked out most of the impurity 
removable by positive emission, the remaining traces of 
impurity being effectively permanent. 
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It is suggested now that these permanent impurity 
nuclei are incorporated in the lattice of the single-crystaj 
part of the wire, their thermoelectric effect being lost; in 
the polycrystalline section this solid solution does not 
occur, and the impurity atoms form the “cement” between 
the polycrystals, and change the thermoelectric properties 
of the aggregate. 

If this interpretation is correct, it can be concluded 
that there is no contradiction with the law of Magnus in 
uniformly aligned single-crystal wires of aluminum. 

C. Y. Ma 
Department of Physics, WILLIAM Banp 
Yenching University, 


Peiping, China, 
July, 1940. 
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